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Fano Resonance in Artificial Photonic Molecules

Guangtao Cao, Shaohua Dong, Lei-Ming Zhou, Qing Zhang, Yan Deng, Cong Wang,
Han Zhang, Yang Chen, Cheng-Wei Qiu,* and Xinke Liu*

The spectral signatures of chemical molecules are dependent on the hybridi-
zation of electronic states. The artificial photonic molecules formed by
structured optical microcavities, exhibiting Fano features with sharp asym-
metric line shape and strong field enhancement, hold various potential
applications in sensors, optical switches, lasing spasers, optical diodes, etc.
To design high-performance photonic devices, it is of great importance to
gain the formation and modulation mechanisms of Fano resonance in various
artificial photonic molecules. This review is focused on the Fano resonance
in artificial photonic molecules. It starts by discussing the properties of Fano
resonance, followed by a detailed discussion of the coupled oscillator model
and coupled mode theory that could reveal the underlying mechanisms.
Then, different types of photonic molecules for realizing Fano resonance are
presented, and several representative exciting applications are introduced.
Finally, a summary and a brief outlook on challenges are discussed for Fano

resonance in artificial photonic molecules.

1. Introduction

Fano resonance, a fundamentally interesting feature resulting
from the interference between a discrete narrow localized state
and the background broadband continuum, exhibits an asym-
metric line shape with a high quality factor, which can sustain
significantly enhanced modal fields,'> and enable numerous
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photonic applications, such as optical
switching, ! sensing,1%% nonreciprocal
propagation,l1®-2 modulation,?2-2% optical
logic gates,”-?! and light buffering and
storage.330-3]

The Fano line shape profiles are related
to the system’s structural parameters
and the electromagnetic parameters of
ambient media. So, various systems,
including optical cavities,?-* nanoclus-
ters, 1 photonic crystals, "l grat-
ings, 9  metamaterials,®®3 metasur-
faces,”> and many others,”®®3 have
been proposed theoretically and observed
experimentally to exhibit Fano resonance.
Inspired by recent progress in numerous
novel materials, % including 2D mate-
rials with exotic optoelectronic proper-
ties,”72l superconducting materials,/>74
phase-changed materials,”>7® low loss
dielectric materials””8 and quantum
dots,”-#2 many opportunities to investigate Fano resonance are
anticipated.

[tis well-known that the macroscopically arrayed structures are
typically too bulky for highly integrated on-chip optical circuits,
thus, compact photonic structures are in high demand.[’3-8%
Optical microcavities, with high quality (high-Q) factors, con-
venient all-optical control, and compatibility with on-chip fab-
rication, have been used extensively for sophisticated optical
devices, such as isolators,® lasers, ¥ circuits,®® sensors, 81
and buffers,°>%3 with distinctive properties. Based on the simi-
larities between the classical electromagnetism and quantum
mechanics, a single cavity and coupled-cavity can be referred to
as artificial photonic atom and photonic molecule,®*~% respec-
tively. Analogous to the single atom molecule, a single cavity
can also be referred to as a photonic molecule. The spectral
response arising from the coherent interaction of optical modes
depends heavily on the configuration of the artificial photonic
molecules.[-)

Over the years, sorts of photonic molecules have been
implemented as key building blocks for realizing Fano reso-
nance,838%88-91L100.101]  thanks to the interactions between
optical modes as illustrated in Figure la. The Fano profiles
have been both experimentally and theoretically studied with
numerous interesting physical phenomena revealed by the
coupled oscillator model,®3861921  temporal coupled-mode
theory, 13-l transfer matrix method,"*"% and quantum-
optics approach.M12] [n this work, we focus on reviewing the
Fano resonance in artificial photonic molecules. We first intro-
duce the properties of Fano resonance. Specifically, we discuss
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the coupled oscillator model and coupled mode theory for Fano
features, followed by the realization of Fano resonance in var-
ious stereotypical photonic molecules. Next, the applications of
Fano resonance in photonic molecules are reviewed, including
optical switching, optical sensing, and nonreciprocal propaga-
tion. Finally, the challenges and future outlooks are discussed.

2. Properties of Fano Resonance

The Fano resonance was discovered in 1935, when Beutler
observed an asymmetric line shape in the absorption spectra of
noble gasses, which at that time could not be accounted for by
the Lorentzian model.™l Later, Ugo Fano established the first
theoretical explanation for the phenomena.ll! In his formula,
the asymmetric line shape originates from the interference
between discrete states and continuum states.[838>86.90.114-118]
The Fano profile, different from the symmetric Lorentzian pro-
file, can be described by the following equation!83-80

+6)
=Rl W

where the normalized frequency detuning & =2(w — w,)/T’, ®
is the frequency of the incident light, @ is the resonance fre-
quency, I' is the narrow resonance bandwidth, F, denotes
the amplitude of the Fano resonance, A, is the background
component, ¢ is the velocity of light in vacuum, and g is the
Fano parameter, which is the ratio between the resonant state
and nonresonant state. As shown in Figure 1b, |g|— e and
q = 0 correspond to Lorentzian line shape and quasi-Lorent-
zian line shape, respectively. For |g|— oo (g = 0), the maximum
(minimum) of the normalized Fano line shape is located at the
resonant frequency. The case q = 1 indicates that the Fano peak
is located at a higher frequency than the dip, while the case
q = -1 indicates that the peak is located at a lower frequency
than the Fano dip. For the cases of g = 1 and g = -1, both the
resonance frequencies are in the middle of the maximum and
minimum of the Fano line shape.

Figure 1c shows a three-level atomic system, where |1),
|2), and |3) correspond to the ground state, metastable state
and excited state, respectively.’”] Due to the probe field and
control field, the ground state and metastable state couple to
the excited state, thus the transitions [1)—|3) and |2)—|3) are
allowed while the transition |1)—|2) is forbidden. To realize an
atom in the excited state, there are the direct transition path
|1)—|3) and indirect transition path |1)—|3)—|2)—|3). When
the decay rate of the metastable state |2) is small and the
probe field is much weaker than the control field, the transi-
tion probability amplitude of the indirect path is comparable
to that of the direct path. For a detuned field, the direct path
and indirect path do not have a 7 phase shift, which gives rise
to the Fano type transmission spectra for probe field. For the
resonant field, both the transitions from |2) to |3) and |3) to
|2) introduce a 7/2 phase shift, so the phase shift between the
direct path and indirect path is equal to 7, and the transitions
cancel.[L114]

When a strong control field is applied to the transition
between the metastable state |2) and excited state |3), which
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leads to two dressed states |+)=(|3)£|2))/+/2, arising from the
splitting of the excited state |3). An atom in the ground state
can be excited to the two dressed states. As the probe field
enables the transition from |1) to |3), the opposite contribu-
tions arising from the two dressed states give rise to the elec-
tromagnetically induced transparency/Fano phenomena.[*
Under certain conditions, Fano-type line shape evolves into
an electromagnetically induced transparency (EIT) line shape
profile, and EIT can be viewed as a particular case of Fano
resonance [8386,111,112]
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Figure 1. Schematic of photonic molecule geometries and energy levels in an atomic system for Fano resonance. a) lllustration of photonic molecules
for Fano resonance. Top: each cavity in a photonic molecule only interacts with adjacent cavities. Bottom: each cavity in the photonic molecules can
interact with all other cavities directly. b) Normalized Fano profiles versus various values of the Fano parameter g. ) A three-level atomic system.

3. Theoretical Model for Fano Resonance

The realization of Fano resonance in classical systems has been
investigated theoretically and experimentally. To better under-
stand the physics of Fano resonance, a great number of publi-
cations have proposed different theoretical models to reveal the
origin of Fano resonance in a variety of nanoscale structures. The
coupled oscillator model and coupled mode theory have been fre-
quently used in the context of photonic molecules to interpret the
significant features.[2#33103 Thus, in this section, we will mainly
discuss these two theoretical models to visualize the optical mode
interactions in selected structured photonic molecules.

3.1. Coupled Oscillator Model

In many cases, a resonance can be described as a harmonic
oscillator with a driving force.”l For suitably designed photonic
molecules composed of optical microcavities, the Fano phe-
nomena can be theoretically explained using the coupled oscil-
lator model.[2:8344119-122]

For multiple coupled oscillators, as shown in Figure 2a, each
oscillator is driven by forces with identical magnitude f{t) =
flwjexp(—iat) with the driving frequency @'?2 Assuming the
excitation of the lth resonator pi(t) = pi(@)exp(—iat) (I = 1,2... N),

(@ (b)

(©

the coupled harmonic matrix equation in the frequency domain
can be described as

N

Djpi(@) + Y, Kyp(0)= f(o) 2)

I=1]#j

where D; =1 - (0/@)* - if(@/®) (=1, 2,.., N), K (=1, 2,...,
N, 1=1, 2,.., N, K = K, | # j) denotes the coupling coefficient
between the jth resonator and Ith resonator, and pj(@), @ and ¥
are the excitation, angular resonance frequency, and damping
factor of the Ith resonator, respectively. In the multiple coupled
oscillators model, the surface conductivity oy = —iwX0p;(w)/fl®)
is used to describe the spectral response, where 6 denotes
the weighting coefficient of the excitation pj(@). After solving
Equation (2), the power transmission and reflection of the
classical system can be expressed as

2
2+loy|

|z é’O'N |z
2+§6N|

&)

where { denotes the wave impedance of external waves, and
is strongly dependent on the system parameters.*122] Tt is
apparent that, in Equations (2) and (3), both the wave impedance
¢ and surface conductivity oy are critical to controlling the Fano
resonance line shape. In a multimode cavity structure,?? all

(d)

Figure 2. Coupled oscillator model for Fano resonance in photonic molecules. a) Schematic illustration of multiple coupled oscillators with each
oscillator driven by an external force, in which all the oscillators interact with each other. b) Schematic illustration of multiple coupled oscillators with
a driving force, in which each oscillator only interacts with the adjacent oscillators. ¢) Schematic illustration of two coupled oscillators with a driving
force. d) Schematic illustration of three coupled oscillators with a driving force.
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optical modes interact with the waveguide mode directly, and
each optical mode in multimode cavity can be considered to be
a oscillator with a driving force. The analytical theory based on
the coupled oscillator model allows us to understand the Fano
and EIT-like responses as a function of system parameters.

In another general case, multiple coupled oscillators are
composed of a single bright resonator and multiple dark reso-
nators, as shown in Figure 2b. The first resonator is driven by
the external force f{t), and all other resonators only interact with
adjacent resonators."12! The jth resonator is described by the
excitation pj(t) (j = 1,2...N), and % and @ are the damping factor
and resonance frequency of the resonators. In the frequency
domain, the multi-oscillator model can be described as

D ki O 0 Pi(o) f(a))

K1 D, K, : pa(w) 0

0, . o | : =l o0 )
: Dy Ky Pr-1(0) :

0 -+ 0 xyi Dy M) 0

where D;=1- (0/®)* - iy(@w/®) (=1, 2,..., N), &, denotes the
coupling strength between the mth cavity and the m + 1th cavity
(m=1, 2,..., N-1). From Equation (4), one can get

flo)
D__ K
D, -t (5)

2
Kn-1

_DN

n(w)=

DN*l

The surface conductivity oy, for the general system com-
posed of a single bright resonator and multiple dark resonators,
can be given as

—iw (6)
O-N = 2

Dl_—z

Sm

Port2 Portm

(a)

www.advopticalmat.de

Substituting the wave impedance ¢ and surface conductivity
oy into Equation (3), the transmission coefficient, reflection
coefficient and group delay can be effectively derived.l'?}! To
simplify device design and control device size, the double-cavity
and three-cavity photonic molecules have been widely proposed
to realize Fano resonance,20121 which can be theoretically
studied utilizing the two and three coupled oscillators model, as
depicted in Figure 2c,d.

The theoretical derivations above are useful for describing
the Fano phenomena in photonic molecules, covering
single-cavity, double-cavity, three-cavity, and multiple-cavity
structures, which performs as a guideline for controlling
the spectral properties and designing photonic devices
based on Fano resonance. The coupled oscillators model
not only reveals the interactions between optical modes in
photonic molecules, but also improves the understanding
of Fano physics for other designs. To better account for and
control the spectral characteristics of photonic molecules
with multiple resonances and multiple ports, we will discuss
several theoretical analyses based on the coupled mode theory
in the following subsection.

3.2. Coupled Mode Theory

The coupled mode theory proposed for electromagnetism origi-
nates from the 1950’s. The coupled resonators correspond to
the coupling of modes in time, while the coupled waveguides
correspond to the coupling of modes in space.l'™ In 2003,
based on the coupled mode theory, Fan et al. proposed a theo-
retical model for single-mode resonator with multiple input
and output ports, as shown in Figure 3a. Both the direct and
indirect pathways are incorporated in the theory, which is appli-
cable to many configurations exhibiting the Fano effect.l19310]
In accordance with the energy-conservation and time-reversal
symmetry, the theoretical model can be stated as

d . 1

d_‘:z(—on—?)u+<K|s+> (7)
|S_)=Cl|S.)+alK) 8)

P o e G
S+in ( N Sooul
DS 1
< y
S out “ _— o7 Sfin

(b)

Figure 3. Coupled mode theory for Fano resonance in photonic molecules. a) Schematic of a resonator (cavity) coupled with multiple input and output

ports. b) Sketch of multiple cavities side-coupled with two ports.
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Equations (7) and (8) are the generalized form of coupled
mode theory, in which a, @, and 7 denote the amplitude, reso-
nance frequency, and lifetime of the resonance mode, respec-
tively. The matrix C describes the direct coupling between
incoming and outgoing waves in ports. |S_) and |S,) denote the
outgoing and incoming waves. |K) represents the coupling coef-
ficient between the resonator and the ports. (K| is dependent on
|K). The parameters |S_), |S,), |K), and (K| can be expressed as

S1+ S1- kl
+ - k

Iso= = lso=| % L= % | k(K- ) ()
SN+ SN- ky

The relation between the incoming wave and the amplitude
of resonant mode can be written as

oo (K|S, (10)
Jj(wo— w)+1/T

Equations (7)—(10) are feasible for a single resonance mode
coupling with multiple input and output ports.

According to Equations (7)—(10), the transmittance and reflec-
tance of two-port structures can be derived as

[(a)o —o)tt i]z

T= 2 sz » R=
(wo—) +7T

o]

(W — @) +77

(11)

where the real constants r and ¢ follow the relation 1 + 2 = 1,
and the * sign depends on the properties of the resonant mode.
If r=0 or r =1, the system will exhibit Lorentzian line shape,
otherwise, it will present an asymmetric Fano line shape.
When a multimode resonator couples with multiple ports,
based on the coupled mode theory, the general theoretical

model can be described as!?0103-1%7]
d , T
$|a)=—JQ|a)—F,-|a>+Fe|a)+K |S.) (12)
[S-)=Cl|S.)+Kl|a) (13)

In this case, the resonator eigenmodes are orthogonal to each
other. |S_), |S;), and |a) stand for the outgoing wave, incoming
wave, and amplitude of the resonant mode, respectively.

In Equations (12) and (13), matrixes Q, K, I'; and T, respec-
tively, correspond to the resonance frequency, coupling coef-
ficient between the resonant modes and ports, intrinsic loss
rate, and external loss rate of the resonant modes. They can be
expressed as

a Sy S
@)= % LIso=| T |Is)=| T (14)
an Sm+ Shm—
Kn K ... Ky W, @y ... N
K= K2 K.ZZ Kon Q= @1 (Dlzz o w.ZN (15)
Kvi Km2 oo Kun Wy1 Ony ... Onn
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Yu Yz ... Yan Yo Y2 ... Yan

= 7/1'.21 %'.21 o %‘?N T, = %.21 %.zz o ’}/e.ZN
Yin1 Yinz ... VNN Yen1 Yenz  --- YN

Basing on the boundary conditions and Equations (12)—(15),

one can get a theoretical model for the system, which consists

of multiple single-mode cavities side-coupled with two sym-

metric ports,® as depicted in Figure 3b. The characteristic
equations of which can be written as

%|a>:—jQ|a)—l"i|a)+1"e|a)+5+-m|K)+S_in|K)—M|a) (16)

S+out = S+in _<K|a> (17)
S-ou = S-in —(K|a) (18)

Siin and Sio, are the incoming and outgoing waves in
the two ports, and Matrix M denotes the coupling coefficient
between the optical modes in the interacting cavities, which are
written as

a, ky M Ui ... Win

O I T e X (e IV B s
an kn HMn1 HMn2 oo HnN

(19)

where ay is the amplitude of the resonant mode with resonance
frequency wy, and ky denotes the coupling between ports
and cavities. In Equation (16), matrixes Q, T';, and I', have the
identical form with those in Equation (15). If m # n, ®,,, = 0,
Yimn = 0, Yemn = 0, and Hopn = wnn/(szn); ifm=mn, Wy = WOy,
Yimn = Onf (2Qim)s Yomn = O/ (2Qom), and L, = 0. Qimr Qe
and Q,,, denote cavity quality factors, which are in connec-
tion with intrinsic loss, port coupling loss, and direct coupling
between the mth and nth modes. Using Equations (15)—(19)
and boundary conditions, one can derive the transmittance
of a structured photonic molecule system. When aligning the
optical cavities in various configurations, the spectral properties
are closely related to the number of optical cavities, symmetry
and topology of photonic molecules. The validity of the theo-
retical model is confirmed by comparing with the simulation
and experimental results. The coupled mode theory promises
insight into modes interactions in time, and can accurately

describe the fascinating electromagnetic oscillation in photonic
molecules.[37:38/83,86,103-107,124-126]

4, Classification of Photonic Molecules Generating
Fano Resonance

In recent years, photonic molecules consisting of optical
microcavities have emerged as a key building block for high
performance photonic devices from the perspective of both
fundamental science and practical applications.?%127-131 Typ-
ical optical microcavities used for Fano resonance realization
include whispering-gallery-mode, plasmonic, Fabry—Pérot (FP),
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and photonic crystal cavities.?” 388314 Assembling optical cavi-
ties in a wide range of structures, various artificial photonic
molecules configurations have enabled the Fano resonance and
brought forth the development of highly integrated photonic
circuit.

4.1. Single-Cavity Photonic Molecule

In a single multimode cavity, the optical modes are orthogonal
with each other generally. The waveguide induces indirect cou-
pling between optical modes, which introduces Fano resonance
resulting from the interference between the different pathways.
Xiao et al. studied the transmission spectra of a fiber coupled
with a single pilydimethylsiloxane (PDMS)-coated silica micro-
toroid, which supports two whispering-gallery modes (WGMs)
with distinct thermal response versus temperatures. The
detuning between the probe mode and control mode can be
tuned by temperature. Due to the different thermo-optic coef-
ficients between PDMS-coated silica, the probe mode presents
a blueshift, while the control mode experiences a redshift. With
increased temperature, the transmission spectra exhibit mutual
transformation of EIT and Fano resonance.[]

The spectra lineshape in a silica microtoroid can also be
adjusted by the fiber-cavity coupling distance and the polariza-
tion of incident light. As the polarization of incident light is
changed, the asymmetric Fano resonance lineshape converts
into a symmetric Lorentzian line shape, as shown in Figure 4a.
It was proposed that the quasi-TE or quasi-TM modes in the
microtoroid are neither exactly vertically nor parallelly polar-
ized."?l When the incident polarization is vertical to the low-Q
mode, the microtoroid only supports high-Q mode, which
results in a Lorentzian lineshape. In a slightly deformed silica
microtoroid excited by a free-space laser beam,!3% the induced
transparency in the measured transmission spectra arises from
the coupling of continuous chaos and discrete regular modes.
As the optical beam is moved from the top to the bottom, the
induced transparency transforms into asymmetric Fano line
shape, as shown in Figure 4b.

Rapid developments in photonic technology has enabled the
metal-insulator-metal (MIM) waveguide as a platform for real-
izing on-chip photonic integrated circuits.*¥l Figure 4c displays
double Fano resonances in a single defect cavity side-coupled
with a MIM waveguide. One is attributed to the higher-order
mode excited in rectangular cavity with a small stub, while the
other is related to the lower-order mode in stub. Thus, the two
Fano resonances exhibit different responses versus structural
parameters. Increasing the stub depth, the high-energy Fano
resonance remains nearly unchanged, while the low-energy
Fano resonance shifts toward longer wavelength. The double
Fano resonances originating from different mechanisms have
potential applications in self-reference accurate sensing in com-
plex environments.'34 Li and co-workers also have numerically
and analytically investigated the Fano resonance in MIM wave-
guide with a multimode stub cavity, and demonstrated optical
transmission evolution versus aspect ratio.l®>1°] A single sym-
metry breaking ring cavity could also facilitate the realization of
Fano resonance and provides a new degree of freedom to mod-
ulate the spectra characteristics.3®! However, to date, realizing

Adv. Optical Mater. 2020, 8, 1902153

1902153 (6 of 16)

www.advopticalmat.de

the ultracompact on-chip plasmonic circuits is still a great chal-
lenge. Chai et al. experimentally demonstrated on-chip Fano
resonance in a single plasmonic composite nanocavity cov-
ered with an 80 nm thick poly (methyl methacrylate) (PMMA)
layer.¥” The composite cavity composed of two crossed
nanogrooves is side-coupled to a bus waveguide, as shown in
Figure 4d. The transmission spectra in the near-infrared range
present blue-shift with the ambient temperature increase from
25 to 80 °C.

Differing from the multimode cavity, the single-mode
cavity configurations typically exhibit transmission or refec-
tion spectra with symmetric Lorentzian or quasi-Lorentzian
line shape. Therefore, partially reflecting elements have been
adopted to produce Fano resonance. Fan analytically dem-
onstrated asymmetric Fano resonance by using two partially
reflecting elements in waveguide side-coupled to a cavity.’]
The two partially reflecting elements function as a Fabry—Pérot
cavity. To give evidence of the analytical theory, they investi-
gated the spectral properties in the photonic crystal structure
shown in Figure 4e. A row of dielectric rods are removed to
form a waveguide, and the radius of a single rod is reduced
to introduce a cavity. Two small cylinders in the waveguide act
as partially reflecting elements. The transmission responses
exhibit asymmetric Fano lineshape. In addition, the interac-
tion between the discrete state in the photonic crystal cavity and
continuum state in the line-defect waveguide with one blockade
hole can also give rise to Fano resonance, as shown in Figure 4f.
The inserted hole breaks the mirror symmetry and serves as a
partially transmitting element.3813% Compared with the cas-
caded cavity systems, the device alleviates the requirement of
matching several resonances and reduces the required preci-
sion of the fabrication process.!3¥l The experimental transmis-
sion spectra in photonic crystal structures are consistent with
the analytical results and the on—off contrast achieved 40 dB.

In addition to the above mentioned optical microcavity, some
other single-cavity-based structures have also been proposed to
demonstrate the Fano resonance line shape. Shang et al. experi-
mentally investigated the spectral responses, in an aqueous
environment, of a sausage-like microresonator coupled with
a fiber taper, as shown in Figure 4g. Adjusting the coupling
position between the fiber taper and sausage-like microreso-
nator, the spectra line shape evolves periodically, and the asym-
metric Fano resonance line shapes appear in the transmission
spectra.®l More interestingly, Lorentzian, EIT and Fano line
shapes can be achieved in a microring coupled to a waveguide
inserted with two air-holes, as illustrated in Figure 4h."1 At
the resonant frequencies of microring cavity, modulating the
distance between two air-holes causes the transformations
among different resonance line shapes. Averaged over tens of
devices, the extinction ratios and slope rates in Fano line shapes
achieved 20 dB and 280 dB nm™}, respectively.

4.2. Double-Cavity Photonic Molecule
For double-cavity photonic molecule producing Fano resonance,
the cavities directly couple with each other via the evanescent

field, or different cavities couple indirectly through common
waveguide. In 2006, Xu et al. first experimentally demonstrated
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Figure 4. Fano resonance in single-cavity photonic molecule structures. a) Schematic of a fiber taper coupled with a toroidal microcavity and transmission
spectra versus polarization of the incident light. b) A deformed silica microtoroid excited by a focused beam and measured transmission spectra versus the
position of focused free-space laser beam. c) A defect nanocavity side-coupled with a plasmonic waveguide and transmission spectra versus small stub depth.
d) A single composite nanocavity side-coupled to a plasmonic waveguide and the calculated transmission spectra of the plasmonic structure covered with
PMMA layer versus ambient temperature. e) A photonic crystal cavity coupled to a photonic crystal waveguide, in which the solid line denotes the transmission
spectra of the photonic crystal structure. Two small cylinders enable partial reflection of waveguide modes. The dashed line exhibits the transmission spectra
for the corresponding photonic crystal structure without two partially reflecting rods in the waveguide. f) SEM image of photonic crystal structure, which con-
sists of a point defect cavity (HO-type) coupled to a line defect waveguide. Measured (red dots) and theoretical fitting (black solid line) transmission spectra.
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the phenomena of on-chip EIT-like spectra in coupled silicon
ring resonators, which were fabricated on a silicon-on-insulator
substrate.'*?] The diameters of the silicon ring cavities were
10 um. Slight difference in diameter was introduced to detune
the two ring cavities. The transmission spectra exhibit asym-
metric line shapes with varying cavity separations, as shown
in Figure 5a. However, the footprint of the silicon ring cavity
photonic molecule reaches hundreds of square microns. Thus,
it is desirable to construct photonic molecules of a smaller
size, and various plasmonic double-cavity photonic molecule
structures have been investigated to achieve Fano resonance in
recent years.

Han et al. realized EIT using two detuned cavities aperture-
side-coupled to a MIM waveguide.? They numerically showed
that the footprint of the designed plamonic system can be
smaller than 0.15 um?. Based on EIT, the dispersion relation in
the plasmonic waveguide system was also investigated, which
is composed of a periodic array of two stub resonators side-cou-
pled to a metal-dielectric-metal (MDM) waveguide.? The slow-
down factor and slow light bandwidth are dependent on the
detuned frequency between cavities. Figure 5b presents Fano
resonance in the strong-confinement MIM waveguide side-
coupled with two rectangular cavities. The Fano line shape
is attributed to the coherent interference between resonance
modes with different resonance frequencies and coupling rates.
The cavity with weak coupling rate supports discrete state,
while the other cavity with a strong coupling rate supports a
quasi-continuum state. Moreover, the cavity-cavity separation
has significant influences on the reflection spectrum. In a plas-
monic MIM waveguide side-coupled to double stub resona-
tors with direct coupling, there is a trade-off between coupling
quality factor and coupling coefficient. The coupling strength
and phase difference contribute to the change of transparent
bandwidth and degree of symmetry of the spectral line shape,
respectively.]

When a MIM waveguide couples to a single-mode cavity
and a multimode cavity, the transmission spectra possess dual
EIT effects, and the evolution tendencies of two transparent
peaks differ from each other as the depth of stub resonators
is increased."] Three Fano resonances arise in a plasmonic
system composed of two circular cavities.! One is attributed
to the interference between optical modes in one resonator, the
other is owning to the interference between optical modes in
two resonators, and the third Fano resonance originates from
the interference between degenerate modes, each of which
is described by distinct transmission coefficients.*! Due to
different mechanisms, the three Fano resonances can be mod-
ulated independently or semi-independently, as depicted in
Figure 5c.

For the plasmonic double-cavity photonic molecule struc-
ture mentioned above, the ohmic losses of metal prevent the

www.advopticalmat.de

practical applications to photonic devices. The plasmonic cavi-
ties have low quality factors, and the channel spectral density
is orders of magnitude lower than that of dielectric cavities.
Thus, many kinds of dielectric cavities have been utilized to
realize Fano resonance, including photonic crystal micro-
cavities, silica microtoroid,! silicon ring cavities.] How-
ever, the feature sizes of dielectric cavities are usually several
microns, which limits the realization of highly integrated on-
chip photonic circuits. To ensure small propagation losses and
a large group index, a hybrid nanostructure in Figure 5d was
proposed, which is composed of plasmon—photon hybrid nano-
cavity and waveguide.l’l Compared with the plasmonic slot
waveguide, the propagation loss of the plasmon—photon hybrid
waveguide is considerably lower. The destructive interference of
the plasmonic cavity and photonic crystal cavity modes, in the
plasmon—photon hybrid nanostructure, enables the formation
of an EIT-like effect.

To study the Fano phenomena in the above photonic
molecule schemes, the bus waveguide is an indispensable
component. The large loss-detuning between the two cavities
or only the lower quality factor cavity coupled to waveguide may
influence the results and reduce the accuracy of any conclu-
sions. To overcome these disadvantages, Caselli et al. substi-
tuted a near-field probe for the waveguide,®” and introduced a
family of generalized Fano profiles to demonstrate the optical
responses of coupled modes in the proximity of the excep-
tional point singularity. Through the detection of generalized
Fano lineshapes, the ability of the near-field configuration to
characterize the transition across the exceptional point was
demonstrated. The experimental Fano profiles agree well with
the finite-difference time-domain simulations. The generalized
Fano profiles play an important role in spectroscopy and mate-
rial science, not only involving the optical responses but also
electronic properties.

4.3. Multiple-Cavity Photonic Molecule

In multiple-cavity photonic molecule, three or more assembled
cavities interact with each other, introducing more degrees of
freedom to control the spectral signatures.’®11 In 2009, via
multiple coupled photonic crystal cavities, Yang et al. were the
first to experimentally observe the resonance and phase con-
trolled EIT-like phenomena, as shown in Figure 6a. Two pump
beams were used to perturb the resonance wavelengths of cavi-
ties 2 and 3. As the pump power of the laser focused on cavity3 is
increased, the resonance wavelength of cavity3 presents a red
shift, and the resonance detuning between cavity2 and cavity3
decreases. Hence, cavity2 and cavity3 interact with each other
more strongly, and the short wavelength transparency window
narrows progressively. Figure 6a also shows the phase shift for

The blockade hole in the waveguide acts as partially transmitting element denoted by the dashed square. g) The micrograph of a sausage-like microresonator
in water and experimental transmission spectra (from top to bottom) with the sausage-like microresonator moved to the left along fiber taper. h) Optical
micrograph of a microring resonator coupled with waveguide. The SEM image of the waveguide-microring coupling region with two air-holes inserted in bus
waveguide. Measured transmission spectrum (black line) and fitting result (red dashed line) of the fabricated device. a) Reproduced with permission.[2
Copyright 2011, American Institute of Physics. b) Reproduced with permission.[*d Copyright 2013, Wiley-VCH. c) Reproduced with permission.[ Copyright 2014,
The Optical Society. d) Reproduced with permission.”l Copyright 2014, Wiley-VCH. e) Reproduced with permission.% Copyright 2002, American Institute
of Physics (AIP). f) Reproduced with permission.[*® Copyright 2015, Wiley-VCH. g) Reproduced with permission.% Copyright 2017, The Optical Society.

h) Reproduced with permission.l Copyright 2019, Walter de Gruyter.
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Figure 5. Fano resonance in double-cavity photonic molecule structures. a) Optical micrograph of the silicon ring resonator coupled to parallel wave-
guides. Experimental transmission spectra (black solid line) and theoretical fits (red dashed line) versus ring separation s for the microring resonator
system. b) Schematic of the MDM dual-resonator-coupled waveguide and reflection spectra versus cavity—cavity separation. c) A system composed
of two circular cavities and two MDM waveguides. The FDTD (blue line) and multimode interference coupled mode theory (MICMT) results (red
line) of the transmission spectra of the plasmonic system. d) Schematic of plasmon—photon hybrid nanostructure and corresponding measured and
calculated transmission spectra. a) Reproduced with permission.[*2l Copyright 2006, American Physical Society. b) Reproduced with permission.[*l
Copyright 2012, The Optical Society. c) Reproduced with permission.€l Copyright 2017, The Optical Society. d) Reproduced with permission.]
Copyright 2016, Wiley-VCH.
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Figure 6. Fano resonance in multiple-cavity photonic molecule structures. a) SEM image of multiple photonic crystal cavities. Measured and theoretical
transmission spectra and corresponding transmission phase shift versus detuning &, and &y3. b) Top: SEM images of side view and top view of the
microtoroid, and the configurations of the triple-cavity photonic molecule. Bottom: the transmission spectra as a function of distance between the fiber
and cavityl. c) Sketch of PT-assisted triple-cavity configuration and transmission spectra versus the detuning A/xi for different intercavity coupling
strengths J/Ki. d) Schematic of multiple nanodisk cavities aperture-side-coupled to a MIM waveguide. Numerical (circles) and theoretical (solid curve)
transmission spectra in the triple-cavity coupled waveguide structure, and corresponding transmission phase shift, optical delay line, and group index
around the transparent windows. €) Top: transmission spectrum and schematic of the triple-cavity photonic molecule system. Bottom: transmission
spectrum and schematic of the four-cavity photonic molecule configuration. a) Reproduced with permission.!®"l Copyright 2009, American Physical
Society. b) Reproduced with permission."2 Copyright 2017, Wiley-VCH. c) Reproduced with permission.> Copyright 2017, American Physical Society.
d) Reproduced with permission.l'®'l Copyright 2012, American Physical Society. €) Reproduced with permission.['®2l Copyright 2012, The Optical Society.
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the double EIT-like responses, and indicates that the stronger
coupling will induce larger optical delays.['>!

Three independently-selectable ultrahigh quality micro-
toroids provide a platform to explore topologically protected
photonic states and analogies to quantum-optics.®2l Typical
double EIT-like spectra of the coupled triple-cavity photonic
molecule can be modulated by changing the cavity-cavity cou-
pling strengths, resonance frequencies and coupling distance
between the tapered optical fiber and cavities, as shown in
Figure 6b. By tuning the polarizations of the three resonant
modes, the transmission spectra will change into asymmetric
line shape.®1>3] Decreasing the distance between the optical
fiber and cavityl, the double EIT will evolve into double elec-
tromagnetically-induced absorption phenomena. Xiao and co-
workers have also proposed a theoretical analysis of the spectral
characteristics and energy distributions in triple-cavity photonic
molecule structure. They analyzed the evolution of super-
mode linewidths and frequencies, and established a super-
position picture for the supermodes of triple-cavity photonic
molecule structure. Moreover, in the flexible triple-cavity
photonic molecule, the anomalous properties of the central
supermode and EIT-like phenomena were demonstrated.

Since 1998, parity-time (PT) symmetry has become an active
research topic.'®>8 Introducing PT symmetry into photonic
structure can dramatically improve the performances of devices
and stimulate further breakthroughs in photonics. Li et al.
investigated the asymmetric Fano line shapes of the triple-
cavity platform with local parity-time symmetry, as shown
in Figure 6¢.° In this structure, a single cavity is indirectly
coupled to PT-symmetric coupled cavities via a bus waveguide.
They presented the transmission properties of the PT-assisted
triple-cavity versus the coupling strength between loss cavity2
and gain cavity3. It can be found that the asymmetric spectral
line shapes are correlated to the cavity coupling strength in
the PT-assisted configuration. Compared to the system of two
indirectly coupled cavities, the PT-symmetric unit significantly
enhances the extinction ratio and the slope of the Fano line
shapes. The results pave the way toward utilizing the PT sym-
metry to study Fano resonance. In addition, more interestingly,
Li et al. also demonstrated the multiple-Fano resonance via a
coupled-cavity-array arrangement, which is similar to Ramsey
absorption spectroscopy in atomic and molecular systems.[¢%]
Therefore, they accordingly defined the multiple-Fano reso-
nance phenomena as Ramsey-Fano resonance, which emerges
from multiple quantum interference among various light path-
ways. Both the numbers of Fano peak and dip in the transmis-
sion spectra are closely related to the cavity number N.

Surface plasmon polaritons (SPPs), which can break the
classical diffraction limit and confine the electromagnetic radi-
ation in nanoscale domain, may facilitate hybrid integration
between photonics and electronics. Thus, to further reduce
device size, multiple EIT-like phenomena were investigated
in a multiple-cavity photonic molecule structure composed
of multiple nanodisk cavities aperture-side-coupled to a plas-
monic waveguide, as depicted in Figure 6d.I'°] The plasmonic
waveguide coupled with N resonators can realize N-1 trans-
parent windows and multi-area with slow-light effect. Chen
et al. studied the multiple plasmon-induced transparencies in
a plasmonic waveguide coupled with series of stub cavities.
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The constructed three-coupled-resonator and four-coupled-res-
onator systems, respectively, are shown in Figure 6e.l!%4 The
footprint of the plasmonic structure is only =0.6 um?. More-
over, the phase-coupled effect plays a vital role in the EIT-like
phenomena, and the FWHM of the transparent peaks is much
narrower than that of a single stub resonator. The spectral
responses of the ultracompact structure hold potential applica-
tions in complex functional optical devices, such as switching,
sensing and light storing.

5. Applications of Fano Resonance

The intriguing features of Fano resonance in photonic mole-
cules enable numerous novel applications. In this section, we
will introduce recent progress in several interesting applications
such as sensing, switching and nonreciprocal propagation.

5.1. Sensing

Optical sensing, with characteristics of high sensitivity, high of
merit, small footprint, and low detection limit, is desirable for
highly integrated photonic circuits. The narrow linewidth and
large spectral contrast of Fano resonance promise the realization
of high-performance optical sensors. Moreover, the normal dis-
persion around the Fano resonance gives rise to a decrease in the
group velocity, which enhances the field intensity and light-matter
interaction, significantly improving the sensitivity to the variations
in the surrounding environment. In particular, the sensing based
on the asymmetrical Fano resonance with photonic molecules has
attracted extensive research interest in recent years.

Xiao et al. theoretically investigated the sensing applica-
tions of Fano resonance supported by coupled microcavities,
as shown in Figure 7a. At fixed wavelength, the asymmetrical
transmission spectrum changes much faster than the Lorent-
zian profile in a single cavity resonance and, thereby, increases
the sensitivity to refractive index changes.?” Considering the
coupled cavities as a composite cavity, a theoretical model was
established to study the spectral features of the plasmonic stub-
pair structure.’”) The detection sensitivity approaches 6.541 x
10’ m™ and offers an order of magnitude enhancement over
the single stub case. Based on the phase modulation, a plas-
monic sensor design was proposed for fixed band detection, 6%l
as shown in Figure 7b. Even when increasing the refractive
index of analyte, the working bandwidth remains unchanged
and is twice as narrow as that of the commonly used approach
for the same analyte.l%] Besides, local parity-time symmetry
can be used to tune the Fano line shape to increase the slope
to improve the sensitivity of the refractive index sensor.'””]
Compared to the two indirectly coupled lossy cavities, the best
sensitivity is five orders magnitude larger.

5.2. Optical Switching
Optical switching, similar to electronic switching, performs the

function of controlling optical signals, which plays a crucial role
in quantum information processing chip-scale devices, optical
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Figure 7. Applications of Fano resonance in photonic molecules. a) Schematic illustration of two coupled cavities for refractometric sensing. b) Sketch
of plasmonic refractive index sensor with two silica walls inserted into the bus waveguide. c) Optical switching based on asymmetric T-shape single slit.
d) SEM image of photonic crystal nanocavity based system used as an optical switch. e) Schematic of the optical plasmonic diode. f) Spectral responses
and g) contrast ratio of forward (T,) and backward (T_) transmittance versus different input intensities. h) Contrast ratio for the forward diode (working
at 900 nm) and backward diode (working at 838 nm). a) Reproduced with permission.®®l Copyright 2008, The Optical Society. b) Reproduced with
permission.%l Copyright 2019, Institute of Electrical and Electronics Engineers. c) Reproduced with permission.l®%l Copyright 2013, Springer Nature.
d) Reproduced with permission.l”7% Copyright 2013, The Optical Society. e-h) Reproduced with permission.'”l Copyright 2015, The Optical Society.

communication networks and logic computing chips.*4 There-
fore, considerable efforts have been devoted to realize optical
switches19719] with low energy consumption, fast response
times, broadband operation and high switching contrast. How-
ever, realizing an optical switching device with all the above key
characteristics is still a great challenge. Compared with Lorent-
zian resonance, Fano resonance exhibiting sharp asymmetric
profiles only requires a small shift in spectrum to obtain a high
contrast, which lays the basis for optical switching devices.
Based on an asymmetric T-shape slit, a bidirectional switch
was experimentally demonstrated, as shown in Figure 7c. The
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Fano features and field enhancement effects are exhibited in the
plasmonic symmetry-breaking structure with lateral dimension
smaller than 1 um, and the on/off ratio is larger than 6 dB.['*]
Chai et al. reported a low power, fast, and on-chip optical switch
with a pump intensity of 450 kW cm™, 63 ps response time
and multiple operating wavelengths, which is consisted of
plasmon—photon hybrid nanostructures covered with non-
linear nanocomposite material.'! For coupled photonic crystal
cavities, Nozaki et al. experimentally and theoretically studied
an optical switch based on Fano resonance, which presents
better performances than a single cavity in terms of operation

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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bandwidth, contrast and switching energy,! as depicted in

Figure 7d. The system composed of coupled InGaAsP-HO cavi-
ties exhibits a sharp asymmetric line shape with a large contrast
of nearly 20 dB. Owning to the steep slope and strong carrier-
induced nonlinearity, an optical switch with pump energy of 1
f], response time of 18 ps and contrast of exceeding 10 dB was
accessible. In addition, for a well-designed and fabricated cou-
pled cavities structure, an optical switching device, with sub-
femtojoule energy, a 20 dB contrast and 10 Gb s™! bandwidth,
was achievable.[”")

5.3. Nonreciprocal Propagation

Similar to the diodes, nonreciprocal propagation optical devices
support a high contrast rate between the transmission inten-
sities of two directional optical signals, and play a key role in
all-optical signal processing units, optical interconnects and
optical logic computing networks. The nonreciprocal trans-
mission of light can be realized by breaking the time-reversal
and spatial-reversal symmetries.'¥] It was proposed that Fano
resonance is one of the best ways to enhance the transmission
contrast rate.[138171-173]

Based on Fano resonance, Fan et al. proposed a tunable optical
plasmonic diode in a nonlinear system, composed of three cavi-
ties inserted into MIM waveguides, as shown in Figure 7e.l”4
The third cavity breaks the spatial symmetry of the system, which
enables the nonreciprocal nonlinear response. In Figure 7f, as
the input intensity increases from 0.74 to 1.20 GW mm™2, the
transmission peak for forward incidence presents red shift,
while the transmission peak for backward incidence remains
unchanged. The maximum transmission contrast ratio achieved
in Figure 7g is 41.46 dB. Moreover, the plasmonic structure may
also serve as forward or backward diode for different input wave-
lengths, as depicted in Figure 7h.7 An on-chip optical diode
was experimentally realized using plasmonic waveguide coupled
to two composite nanocavities. The threshold intensity is 145 W,
and the transmission contrast ratio approaches 15 dB.[®! In addi-
tion, a photonic molecule Fano structure with broken spatial
symmetry also demonstrated nonreciprocal transmission char-
acteristics at a bit rate of 10 Gbit s™! and energy consumption
of 4.5 f] bit"LI*8 The applications discussed here pave the way
toward high-density photonic integrated circuits.

6. Conclusions and Outlook

With the advances in nano-optics and nanotechnology, photonic
molecules are vital components for miniaturizing photonic
devices and demonstrate impressive benefits for on-chip data
communication and design configurability. The unique proper-
ties of the Fano line shape have been theoretically and experi-
mentally studied in a variety of photonic molecules, including
single-cavity, double-cavity, and multiple-cavity molecules. The
physics and theoretical model for Fano features in photonic
molecules represent a means to achieve on-chip control of light.
Through programmable photonic molecules, different photonic
devices employing Fano resonance, including biological sen-
sors, switches, modulators, diodes, and buffers, are being
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actively investigated, and a considerable number of break-
throughs in theoretical, experimental, and technological studies
have been reported. The fast, compact, and power-efficient
nanolasers are a vital tool for reducing the size of photonic
circuits.7>1761 The sharp Fano resonance with its properties
of small linewidth and large field enhancement provides an
advantageous building block for fabricating nanolasers. More-
over, the multiparameters self-reference,®®! multifunctional,
compact Fano sensors render an effective approach to enable
next-generation ultrahigh-sensitivity biosensors. However, to
further improve the performance and robustness of photonic
devices based on Fano-resonant photonic molecules, many
highly challenging problems yet to be solved.

Ohmic losses, which decrease the sharpness of Fano pro-
file, continue to hinder the applications of plasmonic—photonic
molecules.®386-88] Parity-time symmetry may provide a new
degree of freedom for creating novel plasmonic functional
devices, and the loss in plasmonic structure can be compen-
sated by the gain medium.®3126155156] The gain, loss and inter-
play between the elements play essential roles in realizing PT
symmetric photonic structure.

Double-cavity molecules and multiple-cavity molecules
can increase the degrees of freedom for designing photonic
devices.l”-9>17/] Realizing tunable artificial photonic molecules
may enable dynamic control of Fano features and enable future
photonic devices.”12>178 However, how to dynamically and
rapidly modulate the resonant frequencies of cavities, coupling
strengths between optical cavities, and coupling between wave-
guide and cavity remains a significant challenge and is a pro-
mising area for future research.

The asymmetric and ultra-sharp Fano line shape is geometry-
and environment-sensitive, offering a solution for highly
accurate sensors. Unfortunately, guaranteeing the performance
advantages requires exceptional fabrication technologies, and
the inevitable flaws resulting from current technologies could
compromise the Fano spectral signature of the device.[8>12715
Topological effects could preserve the bright mode and dark
mode even in the presence of structural flaws.[7*180 Thus,
topologically protected Fano resonance is immune to structural
flaws, and is currently the most promising means to achieve
novel phonic devices with the superior robustness.
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