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Abstract: Plasmonics can bind light to their surface while increasing its intensity. The confinement
and enhancement of light allows high–density, independent, subwavelength sensor elements to be
constructed in micrometer–sized arrays. Plasmonic nanostructures have been widely used in the
sensing field because of their fast, real–time and label–free characteristics. Numerous plasmonic
metasensors have been configured for next–generation technologies since the emergence of metama-
terials and metasurfaces. Among these applications, the development of high–sensitivity sensors
based on new physical mechanisms has received tremendous interest recently. This review focuses
on high–sensitivity plasmonic nanosensors and metasensors based on new physical mechanisms,
especially based on Fano resonance and the exceptional point (EP). The asymmetric Fano resonance
generated by the interference of different resonance modes has a narrower bandwidth, while an
EP occurs whenever two resonant modes coalesce both in their resonant frequency and their rate
of decay or growth. Both physical mechanisms could tremendously improve the sensitivity of the
plasmonic sensors. We summarize the working principles, the latest development status and the
development trends of these plasmonic nanosensors and metasensors. It is believed that these new
sensing mechanisms can inspire more fruitful scientific research.

Keywords: surface plasmon resonance; Fano resonance; exceptional point (EP); plasmonics; nanosen-
sor; metasensor; metamaterials

1. Introduction

Surface plasmon resonance (SPR) is the resonant coupling of electromagnetic (EM)
waves with collective oscillations of free electrons in metals, which is widely used due to
the possibility of controlling the properties of light at the nanoscale [1,2]. SPR exists in
two forms: one is a transmission mode that exists at the interface between metal and air,
called conductive surface plasmon polaritons (SPPs), and the other is a resonant mode that
is localized on the surfaces of metal nanoparticles; it is called localized surface plasmon
polaritons (LSPs). Due to the characteristics of small spatial scale and local enhancement of
field intensity, LSPs have important applications in fields such as surface–enhanced Raman
scattering [3,4] and chemical biosensors [5,6]. In particular, the EM field is strongly bound
to the vicinity of the nanoparticle, and the LSPs are very sensitive to the particle geometry
and permittivity of the surrounding environment. Therefore, LSPs can be designed as
sensors with high sensitivity, miniaturization and high integration [7–9]. The development
of sensors based on SPRs is relatively mature, but it is still a challenge to generate SPRs
efficiently, as it requires a prism to implement phase matching, which is one of the reasons
that SPRs device are difficult to be highly integrated [10,11]. To realize miniaturized
devices, the SPRs excited by a one–dimensional (1D) or two–dimensional (2D) grating
coupler [12,13], or the permittivity–near–zero (ENZ) plate [14,15], have been proposed.
Another challenge is to detect minute changes in materials under test, such as small
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molecules with low concentrations near the metal/medium interface. A metamaterial is
a composite structure composed of subwavelength elements, and metamaterial sensors
are sensitive to changes in the surrounding environment [16,17]. In particular, planar
metamaterials have been widely used in the field of ultra–high–sensitivity biosensors
because they have strong local and enhanced fields [18–20]. The key points of achieving
high–sensitivity biosensors based on metamaterials are the ultra–high–quality (Q) factor
and small linewidths. However, they still suffer from high radiation loss. Fano resonance is
thus introduced to reduce the radiation loss of the structures.

In 1961, Ugo Fano discovered a new type of resonance with an asymmetric spectral line
shape when studying the self–ionized states of atoms, and proposed the Fano formula to de-
scribe its spectral line shape [21]. In recent years, Fano resonance has been realized in many
systems, such as photonic crystal plasmonic nanostructures [21–25], metamaterials [26–29],
etc. In plasmonic structures, Fano resonance results from the coupling of the narrowband
sub–radiation mode and broadband super–radiation mode [30–33]. When the two resonant
modes overlap in frequency, the extinction interference occurs, which results in the system
scattering being strongly suppressed in a narrow band, thus presenting an asymmetric
Fano spectrum line shape in the scattering cross–spectrum. A Fano resonant EM structure
can greatly reduce or even completely suppress the radiation loss of the system by using
the interference between the hyper–radiation and sub–radiation modes, resulting in a steep
dispersion resonance mode [22,31,34,35], high local EM field enhancement [36,37] and high
RI sensing [38–40]. Fano resonance is widely used in high–sensitivity sensing because of its
steep scattering cross–section.

The concept of the exceptional point (EP) was first proposed in the perturbation
study of the linear non–Hermitic system [41], which was a unique degeneracy point of
the non–Hermitic system. At the EP, the real and imaginary parts of multiple eigenvalues
of the system are equal at the same time, respectively. The eigenstates no longer consti-
tute a complete basis vector [42], but, far from the EP, the eigenstates have a complete
orthogonal state [43]. The realization of the EP system requires the definition of the equiva-
lent Hamiltonian operator and the degeneracy of the eigenvalues and eigenstates of the
Hamiltonian operator. The abnormal optical phenomena near the EP include energy level
repulsion, crossover and phase mutation. It has important applications in unidirectional
transmission/reflection [44–47] and improving sensor sensitivity [44,47–50]. The sensitivity
improvement is due to the strong response of the intrinsic frequency to the external distur-
bance. For the EP sensing system with N eigenvalues, the intensity of the intrinsic splitting
(detection signal) is proportional to ε

1
N (ε is the external disturbance), and the change rate

of the splitting intensity tends to infinity as ε→0 [51]. The high–order EP system has more
complex physical characteristics. For example, by tuning the coupling coefficients between
multiple micro–resonators, the relationship between the response order and the EP order of
the N–order system is theoretically deduced. Based on this, the fourth–order non–Hermitic
sensor is designed, and the sensitivity is increased by more than 100 times compared with
the traditional single–ring resonator [51]. However, a high–order EP does not guarantee
a high–order response to the applied disturbance, so the general principles for designing
high–order EP sensing are of great research significance. The realization of EP sensors in
plasmonic structures is an important direction for enhancing the sensitivity, which will
guide the discovery of related sensors in the future. The development of new sensors
not only reduces the costs of sensors, but also greatly improves their performance, which
greatly improves the detection limits of sensors.

In this review, we introduce two types of novel plasmonic nanostructures, which
greatly improve the sensitivity of the sensors. The new sensing methods based on Fano
resonance and EP, and the specific generation methods and structures that can generate the
two resonances, have been summarized. In addition, the development status and future
research directions of sensors based on Fano resonance and EP are introduced.
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2. Parameters of Plasmonic Sensors
2.1. Quality Factor

The Q factor is defined as the ratio of the energy stored in the system to the energy
supplied by the outside for each period at the resonant frequency of the system, when
the signal amplitude does not change with time. The resonant frequency of the resonator
can be expressed relative to the bandwidth. A high Q factor means that the rate of energy
loss of the resonator is slow, the vibration can last for a long time, and the bandwidth is
narrow. In practice, the Q factor of the resonator is the ratio of the wavelength divided by
the resonant width [52],

Q =
λ

∆λ
=

f
∆ f

(1)

Here, the Q factor is an important parameter in the design of plasmonic sensors, and a
sensor with a high Q factor is more conducive to the detection of resonance offset in the
experiment.

2.2. Sensitivity and Figure of Merit

Sensitivity represents the signal conversion capability of the sensor. The definition of
sensitivity is not invariant, but is related to the parameters to be tested [52]. For example,
the sensor interacts with the analyte touching its surface, and the mass/(sensor surface
units) ratio can be assumed as an input variable. If the sensor is sensitive to the analyte
bound to the surface, the input signal is the analyte concentration. When the RI of the
substance to be measured around the plasmonic structure is changed to a certain amount,
the position of the plasmonic resonance in wavelength units is shifted. The corresponding
sensitivity can be expressed in units of wavelength (Sλ) [53]:

Sλ =
dλ

dn
(2)

The sensitivity can reflect the performance of the plasmonic sensor to a certain extent,
but for the sensor with a large linewidth, which has a low Q factor, the change in the
resonance position in the wavelength unit cannot reflect the advantages and disadvantages
of the sensor. Defining the resonance displacement with respect to the linewidth is a
more meaningful approach. The figure of merit (FOM) is a dimensionless value, which
is originally defined as the variation in the resonance displacement with respect to the
linewidth. FOM is defined as

FOM =
S
Γ

(3)

where Γ represents the plasmonic linewidth (full width at half maximum), namely the
semi–resonant linewidth.

When the RI around the sensor changes very little, the strength of resonance will
change with the change in RI. When the position of the resonance does not change, the
magnitude of the relative resonance can be expressed as dI

I . Thus, we define another
dimensionless FOM*:

FOM∗ =
(
(dI/dn)

I

)
max

=

(
Sλ(dI/dn)

I

)
max

(4)

2.3. Limit of Detection

The limit of detection (LOD) is defined as the minimum concentration or mass of a
biochemical substance that a sensor can detect on a background signal. In most chemical
and biosensors, the detection limit is a key parameter to evaluate the sensing capability and
practical value of the device. It determines the lower limit of the range of measurements
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detected by the sensor. The LOD depends on the resolution of the sensor. The LOD can be
expressed as

LOD =
3σn

S
(5)

where σn and S are the standard deviation of the total noise of the system and the sensitivity,
respectively [52]. It can be approximated by summing all the noise variances contributing
to the system resolution. In optical sensors, since the LOD is associated with the smallest
detectable change, the LOD can be written as

LOD =
∆λres

S
or LOD =

∆I
S

(6)

Here, ∆λres and ∆I denote the resolution of the measured spectrum. ∆λres is the
smallest resolvable change in resonance wavelength. Theoretically, it is independent of
the resonance shape or bandwidth, and only depends on the resolution of the measuring
instrument. However, there is noise interference in the experimental measurement, so it is
difficult to accurately measure the wavelength shift for a resonance with a large line shape.
In order to improve the measurement accuracy, the resonant line is often required to have a
high Q factor.

3. Fano Resonance–Based Sensors
3.1. The Theory of Fano Resonance

The Fano formula proposed by Ugo Fano can be used as a mathematical tool to
accurately fit any type of asymmetric spectral line shape. According to the Fano formula,
the line shape equation of the scattering cross–section is expressed as [21]

σ(ω) =
(q + ε)2

1 + ε2 (7)

The Fano parameter is described by q, which presents the asymmetry degree of the
spectral line shape. In the equation ε = 2(ω−ω0)/γ, ω0 represents the center frequency
of Fano resonance, and γ represents the spectral linewidth of Fano resonance. According to
the formula of Fano, the scattering cross–section is the smallest when ε = −q, and σmin = 0.
The scattering cross–section is maximized when ε = 1

q , and σmax = 1 + q2. When q = 0,
the scattering spectrum shows an inverted Lorenz line shape. When q = 1, a significant
asymmetric Fano spectral alignment appears, with its maximum value occurring at the
spectral position of ε = 1

q = 1(ω = (2ω0 + γ)/2) and its minimum value occurring at the
spectral position of ε = −q = −1(ω = (2ω0 − γ)/2). At this time q→ ∞ , the asymmetric
spectral line disappears and the scattering spectrum changes into a symmetric Lorenz line.
The scattering cross–section of Fano resonance with different q values is shown in Figure 1a.
However, the Fano formula proposed by Ugo Fano does not involve system loss and does
not give any physical meaning, so it cannot be well applied to lossy structural systems. An
ab initio EM approach to generalize the Fano formula to the case of vectorial fields and
lossy materials has been proposed [54,55], and it can be described by the formula

σa(ω) = a
(q + k)2 + b

1 + k2 (8)
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In this formula, k =
ω2−ω2

0
2γω0

is the reduced frequency, and b is called the modulation
attenuation factor, which characterizes the intrinsic ohmic heat loss inherent in plasmonic
materials. In the case of asymmetric parameter q = 0, the scattering cross–section exhibits
a symmetric Lorenz spectral line shape. When q 6= 0, the scattering cross–section shows an
asymmetric Fano spectral line shape, in which the different signs of the Q factor imply the
different non–symmetric orientations of the spectrum. The modulation attenuation factor b
characterizes the modulation depth of the Fano resonance, and the larger b is, the larger
the ohmic heat loss of the system will be, so the smaller the spectral modulation depth of
the Fano resonance will be. Figure 1b demonstrates that the modulation depth of Fano
resonance varies with different b values, considering that, in a plasmonic system, the Fano
resonance is coupled from a non–radiation mode to a broad radiation mode that is strongly
coupled to the incident EM radiation. Firstly, the super–radiation mode has a symmetric
Lorenz line, and the scattering cross–section can be expressed as follows:

σs(ω) =
a2

1 + (q + k)2 (9)

In the Fano resonance of the plasmonic system, the flat continuous state is replaced by
the broadband plasmonic resonance, so the total intensity of the scattering cross–section of
the system can be expressed as the product of the symmetric and asymmetric scattering
cross–sections:

σt(ω) = σs(ω)σa(ω) (10)

The scattering cross–section of a Fano resonance EM structure can be theoretically
analyzed by using the above formula.

3.2. Fano Structure and Fano Resonance–Based Sensors

Fano resonance originates from the destructive interference between super–radiation
mode and sub–radiation mode. Plasmonic Fano resonance can effectively suppress the
radiation loss, which is an effective way to obtain a narrowband spectral response and
high local EM field enhancement effects. Compared with conventional LSPs modes, Fano
resonance has been proven to have a higher RI sensitivity and Q factor. A Fano resonant
EM metastructure has great application prospects in the biological/chemical sensing field.
In this section, we will describe the Fano structures and their sensing applications.

3.2.1. Single Metal Nanoparticles

The back scattering and forward scattering cross–sections of a single metallic sphere
can be calculated by the Mie solution [56]. The dipole resonance of metal nanostructures
is a super–radiation mode, and the spectral linewidth of the formant is wide, which
can be directly excited by the incident light. The center frequency of Fano resonance
corresponds to the quadrupole resonance of metal nanoparticles, which is a narrowband
sub–radiation mode. The coherent coupling between the dipole resonance of the super–



Chemosensors 2022, 10, 397 6 of 29

radiation mode and the sub–radiation quadrupole resonance leads to the excitation of the
non–symmetric Fano resonance in the scattering spectrum [22]. Later, some works studied
the conditions of observing the Fano resonance of a single obstacle of finite size under
elastic light scattering based on the Mie solution [57]. The Fano resonance of single metal
spherical particles usually cannot be clearly shown due to the large intrinsic losses of metal
materials. However, limited dissipation can increase the Q factor and enhance the strength
of Fano resonance.

3.2.2. Coupled Fano Resonance Structures and Sensors
Symmetric Broken Metal Nanostructures

Broadband super–radiation patterns can be excited in symmetric nanoparticles. If
a small asymmetry is introduced into the shape of the nanostructure, the sub–radiation
resonance mode can be excited, in which the sub–radiation resonance has small emission
damping and cannot be directly excited by the incident EM field; it can only be indirectly
excited by the coupling effect with the super–radiation resonance. The Fano resonance is
generated by the destructive interference between the narrowband sub–radiation resonance
and the wideband super–radiant mode in a single symmetric broken metal nanostructure.
Based on this method, a large number of single metal nanostructures with symmetric
breaking have been designed to realize Fano resonance, including resonant ring struc-
tures [58–60], symmetric broken nano–disks [61] and other structures.

Compared with the single symmetry broken metal nanostructures, the arrangement of
two or more metal elements can also produce Fano resonance [35,62–64]. In this complex
structure, the metallic elements all support a wide band of super–radiation resonant modes.
However, for the whole structure, the near–field coupling of the metal will excite the
narrowband plasmonic mode. By adjusting the arrangement of metal nanoparticles, size
and structure, one will be able to tune the Fano resonance. The plasmonic nanostructure
consists of two ring/disk cavities (RDCs). The excited dark multipole mode of each RDC
induces a sharp multipole Fano resonance. The multipolar modes supported by different
RDCs can be tuned independently by changing the sizes. The scattering/absorption of
the RDCs is obtained by changing the size of R3 [62]. The wavelength as well as intensity
of these resonances can be adjusted effectively by tuning the split angle of the splitting
ring (SR), the gap distance between two rings, the width of two rings and the offset of the
perfect ring (PR) along the x–axis [64]. The maximum RI sensitivity of the structure exceeds
1225 nm per refractive index unit (RIU), and the figure of merit (FOM) reaches 30.4.

Fano Resonance and Sensors Based on Metal Nanoparticle Polymers

Plasmonic oligomers are one class of the most promising nanoclusters for generat-
ing Fano resonances [30,65–67]. The plasmonic response of nanoparticle polymers can
be regarded as a linear combination of the plasmonic resonance responses of individual
nanoparticles. For example, the plasmonic spectral response of a heptamer structure can be
regarded as the result of mutual hybridization between the collective plasmon resonance
modes of the ring structure composed of the center nanoparticle and six peripheral nanopar-
ticles, as shown in Figure 2a [65]. In the heptamer structure, the dipole moment of the center
nanoparticle is almost equal to that of the outer ring structure. When the directions of the
charge oscillation are the same, the hybrid bonding mode has a large radiation loss and thus
a wide spectral linewidth, as shown in Figure 2b. When the charge oscillation directions
are opposite, the total net dipole moment of the hybrid anti–bonding mode is almost zero,
as a narrowband sub–radiation resonance, as shown in Figure 2c. A constructive and weak
interference between the sub–radiation dark and super–radiation bright modes, as the
plasmon resonance modes, causes the appearance of strong Fano resonances in the spectral
response of the polymer. In polymer structures, the spectral response of the isoplasmon
Fano resonance can be regulated by changing the spacing between metal nanoparticles.
When the particle spacing is small, the near–field coupling between nanoparticles is strong,
and the spectral response of Fano resonance is more significant.
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The excitation of Fano resonance in nanoparticle polymer structures is the result of
structural symmetry and does not depend on the shape of individual metal nanoparticles
but the aggregation state of nanoparticles. Tight molecular orientations are arranged into
plasmonic resonance coupling between nanoclusters, including heterodimers comprising
a nanocross and a nanobar [66], the heptamer and octamer clusters of metals [30,66] and
anti–symmetric eight–member nanoshell oligomers [67]. A simple heterodimer comprising
a nanocross and a nanobar, where plasmonic modes with opposite radiative decay char-
acteristics are excellently overlapped both spectrally and spatially by elaborate tailoring,
was designed. Double strong Fano resonances appeared on opposite sides of the spectrum,
as expected [66]. Benefiting from the enhanced near–field and reduced spectral linewidth,
the gold heptamer exhibits high RI sensitivity, which is 940 nm/RIU, together with a FOM
value as large as 20.9, which surpasses that of most other gold oligomers. Aluminum
(Al) nanoparticles were arranged into nanoclusters with tight molecular orientations and
plasmon resonance coupling between them [65]. Upon quantifying the FOM of the final
octamer, the FOM was 7.72. Gold (Au) was deposited on a multilayer substrate composed
of β–sic/SiO2/Si layers, and the plasmonic resonance mode was excited on the antisym-
metric eight–membered nanoshell oligomers (octamers). Using the geometrical tunability
of nanoshells, the excitation and interference of the sub– and super–radiation plasmonic
modes were analyzed. It was shown that a multilayer substrate plays a fundamental role in
the confinement of optical power in the nanoshell octamer, and results in the formation of
a pronounced Fano minimum [67]. The linear FOM was measured based on the plasmon
energy differences over the RI variation by immersing the optimized nanostructure in
various liquids with different RI, and the remarkable FOM was calculated as 22.25.

Fano Resonance and Sensors Based on Nanoarray and Metasurfaces

Nanoarray Fano Resonance
In metal nanoarray structures, Fano resonance can be generated by the interference

between narrow SPPs in resonant mode and wide LSPs in resonant mode by changing
the arrangement and symmetry of the structure. In a recent work, Fano–like resonances
were generated in the mid–infrared region by coupling between upper and lower graphene
nanoribbons [68]. The resonance could also be effectively controlled by adjusting the
geometric parameters of the graphene system, such as the central position of the graphene
nanoribbon and the coupling distance between the upper and lower layers of the graphene
nanoribbon. In the Al2O3/SiO2 planar waveguide, the plasmonic periodic E–shaped metal
nanostructure could excite the quasi–waveguide mode, so as to realize the multichan-
nel Fano transmission. Periodic E–shaped Au nanostructures were placed on top of a
Al2O3/SiO2 dielectric slab waveguide, which directly excited the super–radiation bright
LSPs mode of the E–shaped nanostructure [69]. The necessary momentum could be pro-
vided to couple the diffracted waves of the Au nanostructure array into these quasi–guided
modes propagated in the embedded Al2O3 layer, and these quasi–guided modes were non–
radiation. Fano–shaped transparency and high reflectance peaks can be obtained by the
destructive interference between the broadband plamsonic mode and narrowband quasi–
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guided modes. It is well known that the linewidths of Fano resonances in nanostructures
are large because of huge losses of LSPs (including radiative losses and absorption losses)
in metallic nanostructures. This hinders the sensing applications of plasmonic nanoarray
structures. At present, some works seek to improve the characteristics of plasmonic Fano
resonance by changing the arrangement of the structure. It is found that when the metal
nano–groove array is tilted, the linewidth of the Fano resonance in the scattering spectrum
is reduced [70]. Figure 3a,b demonstrate that the FOM of the tilted structure is lifted up to
600. The study demonstrated that infrared multi–narrowband tunable plasmonic–induced
transparency can be used as a plasmonic sensor. For biochemical sensing, the RI of the
detected sample varies minimally in most cases. This E–shaped nanostructure has excellent
sensing performance. The results show that the FOM* of the sensor can reach 66,548 in the
range of RI 1.3~1.39.
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Metasurface Fano resonance
EM metamaterials are artificial composite structures formed by the periodic or non–

periodic arrangement of subwavelength units with a certain shape or pattern. Its EM
properties are highly dependent on the geometric shape, structure size and array period of
the structural units. The artificially engineered nature of EM metamaterials provides an
effective strategy to manipulate EM waves. It is easy to realize Fano resonance by changing
the physical size of artificial EM materials, and Fano resonance based on metamaterials has
been widely studied. Different geometries of artificial metasurface structural elements have
been investigated. For example, plasmonic Fano resonances were also investigated in a
coupled metasurface consisting of gold nanobars [71]. The destructive interference between
different modes supported by bright and dark nanobars leads to the emergence of a sharp
asymmetric Fano line shape in the extinction spectrum. Multiple Fano resonances in the
near–infrared regime are excited by arranging the L–shaped nanostructure in different
ways. Authors also described a multimode structure based on metasurface plasmon Fano
resonance operating in the near–infrared band, whose unit structure was a two–binary
split nanoring [72]. In most research works, artificial metamaterials with Fano resonance
are periodic array structures based on asymmetric resonant ring elements [73–77]. In the
asymmetric resonant ring, when one of the gaps is far away from the vertical axis, the
difference in resonance frequencies between the two metal wires forming the asymmetric
ring is small, leading to a strong coupling between them. By adjusting the asymmetry
of the gap, the final anti–phase oscillation in a very narrow frequency range leads to
destructive interference and the formation of asymmetric spectral linear Fano resonance.
In addition, it is also common to achieve Fano resonance with a unit structure composed of
two or more asymmetric resonators. The positions of the two resonant rings can be placed
horizontally [78–82], vertically [71,80,83–85] or nested [86]. Due to the field enhancement
and asymmetric line shape of Fano resonance, and the characteristics of high Q factor
and FOM [73,87–89], Fano resonance–type EM metastructures have important application
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value in sensors. Fano resonance is extremely sensitive to the thickness and RI of the
measured object, and in order for a solid object of a specific thickness to be measured, the
frequency shift of Fano resonance changes linearly with the change in the RI to be measured.
However, Fano resonance is also very sensitive to dielectric substrates of different thickness.
Therefore, the selection of an appropriate medium thickness has an important impact on the
sensitivity of a Fano resonance sensor [73,87]. For example, when an object to be measured
at 1.6 um was placed on a metamaterial, it could be seen that the Fano resonance had an
obvious frequency shift when the RI changed from n = 1 to n = 1.6, as shown in Figure 4a,b.
The calculated sensitivity was as high as 49.3 GHz/RIU (5.7 × 104 nm/RIU) [73]. Some
Fano resonant sensors based on artificial metamaterials are summarized in Table 1.
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Active Fano resonance
Changing the Fermi level of the graphene layer enables tunable transmission proper-

ties in symmetric structures [90,91]. Therefore, the graphene–based structure can achieve
active tuning of Fano resonance. When the structure is symmetrically broken at a high
Fermi level, we can achieve high Q Fano resonance and quadrupole resonance. The Fermi
level of graphene is changed to achieve the electrical tunability of Fano resonance. In addi-
tion, the sensitivity of graphene–based metamaterials is higher than that of metal–based
plasmonic structures, which facilitates the design of ultra–sensitive sensors. By changing
the RI of the object to be measured, the Fano resonant sensor reaches 1.87021 THz/RIU. In
graphene layered metamaterials, changing the Fermi level of graphene can achieve destruc-
tive interference and Fano resonance in a narrow frequency band, as shown in Figure 5a,b.
The layered graphene structure achieves a Fano resonant sensor with an FOM of 9786 and
a sensitivity of up to 7885 nm/RIU. The selection and switching of Fano resonance can be
realized by adding diodes in artificial metamaterials [92]. Recently, it has been found that
placing a low noise amplifier on the resonant structure can effectively overcome the loss of
the resonant structure and improve the resonant strength [93,94]. This drawback can be
overcome by introducing this idea into Fano–type artificial EM metamaterials [95]. The
active Fano structure is shown in Figure 5c. After adding a low noise amplifier, the Q value
of Fano resonance can be increased by 58 times, and the resonance strength is increased by
1.8 times, as shown in Figure 5d. Active Fano resonance can simultaneously improve the Q
factor and resonant strength of Fano resonance, which has good development prospects.
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Fano Resonance and Sensors Based on Grating and Metal–Insulator–Metal Structures

Kretschmann configuration and metal grating structure
A prism–metal–dielectric–dielectric–analyte multilayer configuration is a typical

Kretschmann configuration. It is found that the transmission profile of a multilayer configu-
ration can be Fano–type [96–99], as shown in Figure 6a. A prism is used for phase matching,
the metal layer leads to the deepest and narrowest SPR mode, and other layers support
planar waveguide (PWG) mode. The coupling effects result in Fano resonance. However,
the three–dimensional (3D) multilayer Fano resonance structure is excited by the prism,
which is difficult to be integrated. The coupled waveguide grating structure is an effective
strategy to achieve Fano resonance. In 1D metal grating structures, the metal and dielectric
surfaces support the SPR mode, coupled near–field to the cavity mode supported in the
cavity, and the transmission curve exhibits a Fano–type profile [100,101]. The 1D metal
grating structure is shown in Figure 6b. Compared with the traditional SPR sensor, the SPR
sensor based on a nano–grating structure has the advantages of no prism excitation, simple
measurement, small detection volume and easy integration, as well as the ease of achieving
multiple detection.

Plasmonic metal–insulator–metal waveguide–based Fano resonance
SPPs can break the diffraction limit and provide greater energy in the EM field. SPPs

can be easily generated using metal–insulator–metal (MIM) waveguides. When the incident
light hits the metal surface, if the wave vector of the incident light matches the SPP, the SPP
is generated in the waveguide through the direct coupling of light. A narrowband resonant
structure, such as a resonant ring, a stub, etc., is loaded near the MIM waveguide [102–108].
The SPP mode in the waveguide is coupled to the resonator, and the mode in the resonator
interferes with the transmission mode of the MIM waveguide to generate single or multiple
Fano resonances with high Q factor Fano resonance, as shown in Figure 6c,d. The MIM
waveguide can be used to confine these light waves to the deep subwavelength scale, so
the Fano resonance has a small loss and the resulting asymmetric line has a large slope.
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For these reasons, the Fano sensor formed by an MIM structure has higher sensitivity.
The Fano resonance based on the plasmonic MIM cavity structure provides the possibility
for the further development of photonic–integrated circuits. For example, a Fano sensor
system was formed by a branched, semi–closed, T–shaped waveguide and a splitting
square ring resonator [109]. When the incident light excited the MIM waveguide structure,
the energy of the magnetic field was coupled to the resonator. Two different resonant
modes were formed in the resonator and coupled to the branched, semi–closed waveguide.
At wavelengths of 1060 nm and 1528 nm, the magnetic field distribution in the square ring
resonator was opposite to that in the semi–closed, T–shaped waveguide. As a result, the
near–field coupling led to destructive interference, generating asymmetric Fano resonances.
Then, the sensing performance of the proposed structure was investigated by filling the
square annular cavity and T–waveguide with different RI fluids. The waveguide and
resonant structures that form the MIM Fano sensor are diverse, and the same method was
used to design an MIM waveguide sensor with high sensitivity [110]. The high sensitivity
of each mode of the sensor designed based on the MIM structure waveguide could reach
2600 nm/RIU and 1200 nm/RIU.
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Fano Sensors Based on Single Resonant Structures

The shape of the resonant line of the traditional microdisk or microsphere resonator
is symmetric with its resonant wavelength, and the mode of the structure is Lorentz reso-
nance in the symmetric form. However, when a partial reflection element is introduced
into the coupled waveguide, the phase of the propagating wave will be disturbed by the
backpropagating wave introduced by the increased partial reflection element, resulting in
complex interference [111], as shown in Figure 7a,b. This interference produces a sharp
asymmetric Fano resonant line shape with a greatly increased slope between zero and pole
transmission compared to a conventional microring. In addition, if the Q value of the res-
onator is increased and the slope of the resonance is increased, the sensitivity will be further
improved. Using the same method, partial reflection element waveguides were replaced by
T–shaped waveguides [112]. A T–shaped waveguide coupled with a microring resonator
(MRR) generates Fano resonance at all resonance modes. Using two asymmetric structures
to generate Fano resonance in biosensing, the structure consists of embedded high–Q–factor
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resonators. The mode number of the two micorings affects the Fano resonance line shape.
The reversed Fano resonance occurs when the difference in the mode number is an odd
number, whose line shape exhibits a much larger slope than the conventional Fano line
shape [113]. The conventional Fano line shapes are formed when the difference in the
mode number is an even number. Sharply asymmetric alignment greatly improves slope
sensitivity. The resonant wavelength of the microring resonator depends on the effective RI
of the waveguide mode or the biomolecules attached to its surface, or is influenced by the
RI change in the surrounding environment as the waveguide envelope. Based on this, an
experiment was performed to detect the concentration of glucose in an aqueous solution
by using a fabricated thin polystyrene (PS) microring resonator. The minimum detectable
concentration change for the glucose solution was 0.024%, or 24 mg/dL [111]. From the
above summary, it is difficult to further integrate metal nanoparticles or metal arrays
with on–chip photonic–integrated circuits. However, plasmonic–waveguide cavity–based
sensors have unique advantages in terms of high performance, miniaturization, robustness
and scalability, and they have excellent development prospects.
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3.2.3. Fano Resonance Based on Nanoporous Gold and Its Sensing Applications

Nanoporous gold (NPG) is generated by the corrosion of an alloy of Au and a less noble
metal, such as Ag or Cu, which is a three−dimensional bicontinuous porous network of
interconnected ligaments formed by a self–organization process [114]. NPG is a promising
sensing material for plasmonic platforms due to its advantages in terms of detection
sensitivity and reaction efficiency. Due to the near−field enhancement of nanoporous
gold, the confluence effect of improved quantum yield and excitation of fluorophores
leads to a large fluorescence enhancement [115,116]. A fabricated 3D NPG membrane was
firstly applied to biosensing [117]. Then, a 2D NPG structure was used for non–enzymatic
glucose biosensing [118]. However, the pore size was much smaller than the wavelength of
light, and nanoporous gold in the form of semi–infinite thin films exhibit weak plasmonic
extinction and little tenability, which can be overcome by creating nanoporous gold in
the form of disks with subwavelength diameter and sub–100 nm thickness [119]. Unlike
NPG films, which exhibit weak light–matter interactions and limited tunability, periodic
modulation of the NPG carrier surface could also support SPPs and LSPs [120]. The in–
plane and out–of–plane LSPs modes on the NPG structure are related to the external shape
of the nanoparticle, and these resonant frequencies depend on the diameter and distance of
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the disk. NPG disks feature a large specific surface area due to their internal nanoporous
network and contain numerous plasmonic hot–spots throughout the internal volume,
which enable high sensitivity to ambient index changes [121–125]. A label–free small–
molecule sensor on nanoporous gold disks using surface–enhanced Raman spectroscopy
(SERS) was reported. Due to the unique topological stabilized guaninequadruplex (G4)
structure, target molecules were selectively captured by the surface of the NPG disk, where
the minimum detectable concentration of conjugated exogenous molecules of non–double
helix DNA nanostructures could reach 50 pM [124]. Then, the LOD of a nanoporous gold
array (NPGA) sensor reached up to 10−10 IU [125]. Extraordinary transmission (EOT)
supported by hole arrays [126] showed the line shape spectra of Fano resonance. Due to the
spectrally destructive and constructive interference generated by the resonant interactions
between SPPs and LSPs, Fano resonance EOT has shown a highly asymmetric transmission
profile [127]. A schematic diagram of the experimental setup for biomolecular detection
based on such a structure is shown in Figure 8a, and experimentally measured transmission
spectra with different tested materials are shown in Figure 8b. The Fano resonance EOT
signal is very sensitive to small changes in the local dielectric environment. The sensitivity
of the transmission peak and dip is ~53 nm/RIU and ~32 nm/RIU, respectively, as shown
in Figure 8c. Naked–eye detection of protein monolayers can be realized based on NHA
nanostructures, and the FOM is up to 162 and the refractive index sensitivity is up to 717
nm/RIU, when using the light transmission phenomena of the sub–radiant dark mode with
a high quality factor (Qsolution~200) [128]. Recently, EOT–based RI sensors have achieved
high sensitivity of up to 1200.6 nm/RIU and a high FOM up to 279.2 [129].
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A summary of the reported Fano resonant sensors is provided in Table 1. The sensors
in Table 1 could be categorized into three types. The first type includes sensors with high
sensitivity but a very low Q factor. As for periodic metamaterial sensors, the sensitivity is
often extremely high, up to ~104 nm/RIU. However, due to the radiation and non–radiation
losses in metamaterial structures, their Q factors are very low [64,130–132]. The second
category consists of structures with high sensitivity but limited FOM. As for Fano resonance,
FOM is defined as the product of the Q factor and resonance intensity (I). Normally, an
optimized high Q factor can be obtained by tuning the structural asymmetry, while the
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resonance intensity is low, which limits the maximum FOM [133]. Hence, for sensors
based on Fano resonance, it is necessary to optimize the structural parameters to obtain
an appropriate Q factor and I values for an optimized FOM. The third type comprises
active Fano resonance sensors, which can compensate for different losses. Although the
sensitivity of the sensors in Refs. [64,67,71] is effectively improved, their FOM could be
further improved. Compared with the passive Fano resonance sensors [70,72,88,100,112],
active Fano structures simultaneously improve the resonance intensity and Q factor of
the Fano resonance [121], which often results in higher sensitivity [90,91]. The final work
is based on the EOT Fano resonance structures. It not only reduces the sensing time of
measurement, but also improves the sensitivity through the contact area between molecules
and NPG [127–129].

Table 1. Examples of Fano resonance biosensors.

Structure Analyte Sensitivity Q FOM Year Ref.

Split ring–perfect ring Dielectric material 1225 nm/RIU – 30.4 2015 [64]

Antisymmetric eight–member
nanoshell oligomer Mixed liquids – – 22.5 2015 [67]

Metal nano–groove array NaCl solution 657 nm/RIU – 263 2021 [70]

L–nanoarray Dielectric material 1360 nm/RIU – 29 2018 [71]

Double two–split nanorings Healthy and
cancerous tissues 594 nm/RIU 566 378 2019 [72]

Asymmetrical split–resonance
rings – – 394.5 371.9 2015 [88]

Active split–ring resonators
based on graphene Analyte coated 1.87021 THz/RIU – – 2016 [90]

Multilayer graphene Analyte coated 7885 nm/RIU – 9786 2018 [91]

Metal grating array BSA and anti–BSA 460 nm/RIU – 58 2019 [100]

MIM Glucose solution 1300 nm/RIU 39.38 29.55 2022 [109]

Load the partially reflected
microloop Glucose solution 0.024% or 24 n

g/dL – – 2003 [111]

Waveguide coupled with a
microring resonator

K+ ions density of
KxMoO3

154.3 nm/RIU – – 2021 [112]

Embedded–ring resonators Mixed liquids 1.21 × 104 nm/RIU – – 2014 [113]

Splitting ring array Analyte coated 7.75 × 103 nm/RIU 28 – 2014 [123]

Plasmonic nanohole array Monolayer of
protein ~53 nm/RIU – – 2020 [127]

Nanohole array NaCl solutions 690.12 nm/RIU 200 162 2011 [128]

Nanorods in nanopore arrays – 1200.6 nm/RIU – 279.2 2022 [129]

Broken ring array Analyte coated 2.06 × 104 nm/RIU 38 – 2015 [131]

Asymmetric split–ring
resonator Analyte coated 7.32 × 104 nm/RIU 9.6 – 2017 [132]

4. Exceptional Point
4.1. Theory of Exceptional Point
4.1.1. Design of EP Resonator

Owing to the formal equivalence between the Schrödinger wave equation and the
paraxial EM wave equation [134], a non–Hermitian Hamiltonian can be achieved by spa-
tially modulating dissipation and amplification in a wide range of optical and photonic
systems. Spectrum–splitting sensors are generally implemented based on coupled systems.



Chemosensors 2022, 10, 397 15 of 29

Optical whispering gallery microcavities (WGM) have the CW and CCW mode. When CW
and CCW in the resonator are unidirectionally coupled, the system has only one special
resonant point, namely the EP. The system is coupled by a silicon dioxide microring cavity
and a fiber conical waveguide (used for the internal and external coupling of light) [43]. The
relative positions of the two scattering particles near the ring cavity are adjusted to enable
the unidirectional coupling of CW and CCW to achieve the EP. Another scattering particle is
added to the system as a disturbance, causing the EP to split. The real and imaginary parts
of the eigenfrequency at the EP are degenerated, but the system introduces perturbations,
and the real and imaginary parts of the system split simultaneously. The transmission
curve of the EP only has one resonant point, while there are two resonant points when
the EP splits. An EP sensor was demonstrated in experiments, which highlighted the en-
hancement effect regarding the sensitivity. WGM provides a research platform for studying
EP [44,135,136]. The properties of equivalent Hamiltonian operators are described with the
help of coupled mode theory (CMT). Assume that the gain and loss of each component in
the system are γ1 and γ2, respectively; the resonant frequency is ω1 and ω2, respectively;
and the mode coefficient is a1 and a2, where a1,2 = a1,2e−i(ω1,2−iγ1,2)t, and the coupling
coefficient is κ. According to the CMT,

da1

dt
= −iω1a1 − γ1a1 − iκa2 (11)

da2

dt
= −iω2a2 − γ2a2 − iκa1 (12)

In the form of the Schrödinger equation iψt = Ĥψ, the Hamiltonian operator of the
system is obtained:

Ĥ =

[
ω1 − iγ1 κ

κ ω2 − iγ2

]
(13)

The unitary matrix is introduced, M† =

[ 1√
2
− i√

2
1√
2

i√
2

]
. The equivalent Hamiltonian

operator of the system is obtained by unitary transformation H̃ = M†ĤM [137]:

H̃ =

[
ω0 A0
B0 ω0

]
(14)

where ω0= (ω1+ω2)−i(γ1+γ2)
2 , A0 = (ω1−ω2)−i(γ1−γ2)

2 − iκ, B0 = (ω1−ω2)−i(γ1−γ2)
2 + iκ. If

A0 = 0 and B0 6= 0 or B0 = 0, and A0 6= 0, the system can be set to the EP state. At the EP,
the system must meet the following requirements:

ω1 −ω2 = 0 (15)

4κ2 − (γ1 − γ2)
2 = 0 (16)

2κ + (γ1 − γ2) = 0 or 2κ − (γ1 − γ2) = 0 (17)

In other words, the resonant frequencies of the two modes are the same, and the
coupling coefficient is linear with the loss difference. By analyzing the above formula, at EP,
the equivalent Hamiltonian B0 = 0, which easily leads to κ = γ1−γ2

2 ; we insert it in A0, and
obtain A0 = −i(γ1 − γ2). The results show that at the EP, the system meets the following
conditions: the resonant frequencies of the two resonant modes are the same and the loss
difference cannot be the same. The loss difference affects the performance of sensors based
on the EP.

4.1.2. Improved Sensing Performance of EP Sensors

For the two–mode component coupled system, assuming that the change in a physical
parameter of the object to be measured is the perturbation of the sensor, the Hamiltonian
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operator of the sensing system is Ĥ = Ĥ0 + εĤ1, where ε represents the perturbation
intensity, Ĥ0 represents the Hamiltonian operator of the system without perturbation, and
Ĥ1 represents the perturbation part of the Hamiltonian operator,

Ĥ1 =

[
0 A1
B1 0

]
(18)

where A1 and B1 are the coupling coefficients between two basis vectors. The total sys-
tem eigenvalues are E1 = E0 +

√
ε
√

A0B0 + ε(A0B1 + A1B0) + ε2 A1B1 and E2 = E0 −√
ε
√

A0B0 + ε(A0B1 + A1B0) + ε2 A1B1. The system eigenvalue splitting quantity is

∆E =
√

ε
√

A0B0 + ε(A0B1 + A1B0) + ε2 A1B1 (19)

When A0 = 0 or B0 = 0, B1 6= 0 and ε is small enough, ∆E is proportional to
√

ε. It
can be seen that the EP–based sensor can effectively enhance the sensor performance in the
case of small perturbations.

4.2. Development of EP and Sensors Based on EP
4.2.1. Exceptional Point in Passive Systems

Regarding photonic systems, the EP has been studied in many systems. Structures
commonly used to implement the EP include single–microcavity systems of WGM [44–46],
waveguides [138] and two–component coupled systems [51,137,139]. In the WGM micro-
cavity structure, the WGM utilizes total internal reflection to localize light in the cavity,
which has a very high Q factor and is helpful to realize high–sensitivity sensing. Appli-
cations include nanoparticle detection [140], temperature sensing [141], RI sensing [142],
optical gyroscopes [143] and graphene biochemistry [144]. Traditional WGM microcavity
detection of a single nanoparticle depends on diabolic point (DP) degeneracy, and its
frequency splitting quantity is related to the particle size. In 2016, Wiersig presented a
paper on an EP–based single particle detection strong sensor, theoretically proving the
sensitivity of the EP for weak perturbation detection [145]. Since then, the EP sensor has
been gradually applied.

In the field of optics, the initial research based on EP sensing has been implemented
based on passive systems. In addition to multiple particles interacting with the WGM
resonator to modulate the EP [44], two coupled WGM resonant rings can also be used to
achieve unidirectional wave transmission and generate the EP [136,146]. Figure 9a shows a
WGM resonator that excites the EP, and Figure 9b shows a two–coupled WGM resonator.
In Ref. [146], the fiber Bragg grating (FBG) was introduced as a tuning part (which can
isolate the influence of acoustic waves and maintain a more stable mode splitting signal)
to keep the system in the EP. In addition, by introducing a resonant ring loaded with
an isolator, the CW and CCW of the resonator generate non–reciprocal coupling (loop
asymmetry loss). The different intracavity power causes a local temperature change at
the FBG, which causes the system frequency to split. The EP is sensitive to perturbation
only within a certain range, i.e., it holds at time κ2 = ∆γ/2. The EP concept has also been
widely introduced into other traditional fields. An EP sensor based on the resonant optical
tunneling effect (ROTE) was used for low–concentration carcinoembryonic antigen (CEA)
detection, with a sensitivity of 17,120 nm/IP [49]. The sensor is a passive non–Hermitian
EP system, which has the advantage of avoiding experimental complexity and instability.
The sensing system uses the common method of traditional microwave biosensors, namely
the antigen–antibody reaction, which leads to an RI change and then spectrum splitting.
However, passive sensing systems are often limited by their low Q factor. The system
frequency splitting is very small, which makes the splitting arguably poor.
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Figure 9. (a) The WGM resonator. Adapted with permission from Ref. [137]. Copyright (2016),
American Physical Society. (b) Two–coupled WGM resonator. Adapted with permission from
Ref. [141]. Copyright (2018), Chinese Laser Press. (c) Schematic of a bilayer periodic plasmonic
structure composed of two optically dissimilar plasmonic resonator arrays with detuned resonances.
Adapted with permission from Ref. [147]. (d) Schematic of nanoscale sensing of the environmental
RI variation within the box region surrounding the GNR. Adapted with permission from Ref. [50].
Copyright (2022), Chinese Laser Press. (e) Absolute value variation in the eigenvalue difference
between the hybrid modes of the plasmon–exciton sensor in response to environmental RI change.

In plasmonic nanostructures, plasmons are collective oscillations of free electrons
coupled to photons, which shrink the wavelength of light to the scale of electrons and
molecules. The observation of EP is limited to wavelength–scale systems affected by the
diffraction limit. The EP can be obtained by spatial symmetry breaking. The plasmonic EP
is formed based on the hybridization of the detuning resonance in the multilayer plasmonic
structure to achieve the critical complex coupling rate between the nanoantenna arrays,
leading to the simultaneous degeneracy of the resonance frequency and the loss rate [147],
as shown in Figure 9c. The EP system has a sensitivity of 4821 nm/RIU. In addition, in the
plasmonic–exciton hybrid system, the plasmonic excitation subsystem consists of a gold
nanorod (GNR) and the monolayer WSe2, as shown in Figure 9d [50]. By controlling the
geometric parameters of the hybrid system, the EP combining the resonance frequency and
the loss rate of the hybrid system is obtained. Changing the effective RI around the GNR
can also modify the coupling between the plasmons and exciton modes to achieve highly
sensitive sensors at the nanoscale. The variation in frequency splitting with RI is shown in
Figure 9e.

4.2.2. Exceptional Surface

In order to improve the robustness of the system, the exceptional surface (ES) is
proposed, which is a special surface formed by an infinite number of Eps. The ES system
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has the advantages of both robustness and high sensitivity [148–153]. The concept map
of ES is shown in Figure 10a and shows that multiple unwanted disturbances (such as
fabrication errors) force the EP to move along the ES, and the system reaches an EP
state under the desired disturbance. In a system consisting of an optical waveguide and
WGM [148,150], a microring resonator is coupled to a waveguide with an end mirror,
and tuning of the intensity and phase of the specular reflection enables unidirectional
coupling between CW and CCW modes to induce EP, as shown in Figure 10b. Since the
formed eigenfrequencies do not split for all frequencies, loss and coupling, regardless of
how these parameters are changed (machining errors, experimental uncertainties), the
system will be in EP and an ES will be formed. When both sides of the tapered fiber
are coupled with silicon microspheres several times [151,153], the isolator is loaded on
the fiber at the same time, so that the output of port 1 is reused as the input of port 2,
and vice versa. This unidirectional coupling between CW and CCW produces ES. The
unidirectional coupling ES structure is shown in Figure 10c. In these ES systems, when
a state that breaks this unidirectional coupling (the unidirectional coupling between CW
and CCW) is introduced, the intrinsic frequency of the system splits. In the WGM system,
the unidirectional coupling of the manufacturing system is used to place the system in ES.
Another common method is to introduce more tunable parameters [139] to cause ES to
appear in the system. Figure 10d shows the magnon polariton system with multiple tuning
parameters. The 3D structure consists of a microwave cavity and a magnonic cavity ES
can be tuned in multiple dimensions simultaneously to coalesce into an exceptional saddle
point (ESP). Figure 10e shows that a degenerate EP can be obtained by adjusting the other
three parameters when the applied magnetic field strength is fixed.
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4.2.3. Active EP

The EP occurs in non–Hermitian systems. Several studies have shown that the EP
can still exist based on a parity−time (PT)–symmetric system. In quantum mechanics, all
observable physical quantities satisfy Hermitian symmetry and their eigenvalues are real
numbers. It was not until 1998 that Bender and Boteecher discovered that if parity time (PT)
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symmetry is satisfied (physical process returns to its initial state under spatio−temporal
inversion), the eigenvalues of non−Hermitian operators may also be real numbers [154].
Operators are usually used to represent mechanical quantities, and Hamiltonian operators
represent the total energy in the system, which should satisfy the PT symmetry condition:

ĤP̂T̂ = P̂T̂Ĥ (20)

The P operator represents the spatial inversion transformation, and the effect is to
change the spatial operator x̂ and momentum operator p̂, x̂ → −x̂, p̂→ − p̂ , while T
represents the temporal inversion transformation, and the effect is to change the momentum
operator p̂ and complex units i, x̂ → x̂, p̂→ − p̂ , î→ −î . Suppose that there exists a simple
Hamiltonian H= p2/2 + V(x), where x is the space coordinate, and V(x) is the potential
function of the system. After P operator and T operator operation on the Hamiltonian
operator, HPT = p2/2+V(x) and PTH = p2/2+V∗(−x) are obtained. If PT is symmetric,
V(x) = V∗(−x) is obtained. In other words, the potential function satisfying the condition
of PT symmetry must satisfy even symmetry in the real part and odd symmetry in the
imaginary part. In optical systems, gain and loss media are introduced to regulate the real
and imaginary parts of the RI. For PT–symmetric optical systems, the real part of the RI is
an even function, and the imaginary part is a strange function. There is a threshold in the
parameters of a PT–symmetric system beyond which the system spontaneously breaks the
symmetry and the eigenvalue becomes a pure complex number. This threshold is called the
phase transition point, or EP. Figure 11a,b show the change process of the real and imaginary
parts of the eigenvalues of the PT–symmetric system with the coupling strength [155].
The spectrum of PT symmetry presents real numbers, which lays the foundation for the
development of EP. PT is also an important means to realize EP. EP can be implemented
in conjunction with other physical phenomena, such as Fano resonances in graphene–
doped multilayer metamaterials, when the narrowband discrete states undergo destructive
interference with the wideband continuum, without changing the permittivity or structural
parameters of the system [156]. The Fano–type reflection was adjusted by adjusting the
chemical potential of graphene to find the zero reflection point. Fano resonances can
exhibit an optical EP: the system has non–Hermitian properties, where the eigenvalues
and eigenvectors of the Hamiltonian function are simultaneously degenerate. Near the
EP point, the transmission and reflection of light in the metamaterials undergo drastic
changes upon changing the incident wavelength and the chemical potential of graphene in
the parameter space. Taking advantage of the high tunability of graphene, Fano resonance
can be applied to graphene metamaterials to achieve EP. By adjusting the conductance of
graphene, the peak position and value of the Fano–type reflection can be changed. It has
been proven theoretically that the active sensor based on PT symmetry can provide higher
sensitivity than the traditional passive sensor [157,158]. PT symmetry can improve the Q
factor of the resonator, which is conducive to improving the sensitivity and resolution of
the sensor.
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A PT–symmetric system based on a pair of metasurfaces with balanced gain–loss
distributions is proposed, as shown in Figure 12a. The structure is based on the combina-
tion of PT symmetry and the tunable conductivity of graphene, and it uses the pairing of
active graphene and nickel–chromium metal resistance wire to design the PT symmetry
impedance distribution structure. Two different approaches have been investigated for
such systems: closed–loop analysis of admittance or impedance matrices (analogous to the
effective Hamiltonian [144]) and characteristic problems for scattering matrices. Unidirec-
tional zero–reflected EP resulting from sharp resonances associated with EP or coherent
perfectly absorbing laser spots (CPAL) may result in significantly modulated the scattering
responses or resonance shifts. If the Fermi level of graphene is taken as the perturbation
of the sensor, it can be seen that the structure is sensitive to the change in the perturba-
tion, as shown in Figure 12b. For the broad–spectrum analysis, the PT–symmetric sensor
exhibits a high sensitivity of 1.15 GHz/µm2, which is also significantly greater than that
of the graphene plasmonic sensor. PT symmetry can also be implemented in high–order
EP sensing systems. A temperature sensor based on third–order EP consists of a ternary
coupled microloop consisting of a loss cavity, a neutral cavity, and an active cavity [141].
A heating element is placed under each microcavity to fine–tune the resonant frequency
and introduce thermal perturbation, so that the imaginary and real parts of the RI are
independently controlled to establish third–order singularities. Figure 13c is the curve of
the frequency splitting amount as a function of the disturbance intensity ε ∝ I2, which
proves that the frequency splitting amount at the third–order EP is proportional to the cube
root of perturbation. Compared with the traditional single microcavity, the sensitivity is
enhanced by 23 times. The change in RI can also lead to the spatial displacement of the
reflected beam at the boundaries of different RI media, which is called Goos–Hanchen (GH)
displacement [159]. The multilayer dielectric RI sensor is shown in Figure 12c; it achieves
EP under the parameter adjustment of the incident angle and the real part of the D–layer RI.
GH displacement is direction–first and sensitive to small RI changes. Figure 12d shows the
curve of the sensitivity corresponding to different incident angles θ as a function of the real
part of the RI of layer D. It can be seen that the sensitivity near the EP is up to 103 times the
wavelength. A quasi–PT–symmetric layered resonator coupling system is composed of four
identical metal films (M), in which the metal films are the gain layer (G), loss layer (L) and
air layer (A) [142]. An isolator pole with large transmittance is introduced into this structure.
Since the polar mode is generated by mode coupling through the cavity, the transmittance
of the structure is very sensitive to the RI of the cavity and the background air. The sensor
detects the RI and gas concentration of mixed air by measuring the transmittance height at
the pole. The maximum sensitivities of −∆T/(T∆p) are 668 and 76.6 for benzene and for
methane, respectively. Some of the applications of EP sensors are summarized in Table 2.
Recently, the sensitivity of a refractive index sensor reached up to 100 THz/RIU [50]. The
prominent advantage of EP sensors is its sensitivity to small or minute perturbations, which
can include a minor change in temperature [141], angle [160], area [144], RI [50,147,161],
etc., so it has also a very wide range of applications.
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Figure 12. (a) Schematic integration of a PT–symmetric system. Adapted with permission from
Ref. [144]. Copyright (2016), American Physical Society. (b) Frequency of the rB dip and the value of
the exceptional point (bottom) as a function of the dopant concentration for the graphene–based PT–
symmetric sensor. (c) Non−Hermitian multilayer media structure based on GH displacement, where
A and B are the primitive unit–cell layer, C presents graphene layer and D is dielectric layer. Adapted
with permission from Ref. [159]. Copyright (2018), Optical Society of America. (d) Correlation
between sensitivity coefficient and real part of D–layer RI.
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Table 2. Examples of EP biosensors.

Structure Analyte Sensitivity Year Ref.

Optical tunneling effect
resonator

Carcinoembryonic
antigen 17,120 nm/IP 2022 [49]

Plasmon–exciton system RI of gold nanorod 100 THz/RIU 2022 [50]

Active graphene
metasurface

Density of charged
impurities 1.15 GHz/um2 2016 [142]

Bilayer periodic
plasmonic structure RI coating 671 nm/RIU 2020 [147]

Optical gyroscope Angular velocity 0.1–100◦/h 2017 [160]

PT–symmetrically
coupled microdisk RI of cavity 83 nm/RIU 2015 [161]
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5. Outlook of Fano and EP Sensors
5.1. Fano Sensors

Theoretically, the Fano resonance is generated by the interference between the non–
radiative dark mode and the radiative bright mode. Different structures are used to
manipulate Fano resonances, as well as local field enhancement. Most work is achieved by
breaking the symmetry of the structure. In general, the formation of the Fano resonance
depends on the tuning of the physical characteristics of the structure. Once the structure is
designed, it cannot be changed, and the resonance characteristics cannot be changed either.
However, the actively tuned Fano resonance is not only convenient to find the optimal
structure, but also can reduce the experimental cost. Some studies have found that Fano
resonance based on artificial materials is not perfect. The Q of Fano resonance is inversely
related to the resonance strength. For example, the Q of Fano resonance increases while the
resonance strength decreases [162], as shown in Figure 13a,b. This limits the applications
of Fano resonance sensors. Therefore, the actively tuned high–sensitivity Fano resonance
sensor has excellent development prospects.

In summary, although higher sensitivity and FOM have been achieved based on
Fano resonance sensors, there are still limitations. First, most Fano resonance sensors can
only measure a single parameter, such as the refractive index. Secondly, most sensors are
sensitive to the operation environment, and robustness and consistency are required. The
self–reference Fano resonance sensor provides a strategy to solve this problem. Lastly,
with the development of integrated circuits, the miniaturization of sensors is becoming
increasingly necessary. Hence, compact multifunctional Fano resonance sensors with
multiple channels, self–reference and on–chip integration capability are expected, which
would provide more potential applications in the future.

5.2. EP Sensors

The advantage of EP is that it is sensitive to small perturbations, but it cannot dis-
tinguish whether the perturbations are caused by errors (experimental uncertainties, pro-
cessing errors). The proposal of ES can solve this problem, but the formation of ES often
needs to introduce more tunable degrees of freedom into the system. The approach is to
increase the complexity of the system in exchange for stability. However, forming such a
sensing system is not easy. Therefore, forming ES by simple means is the main exploration
direction for the formation of a stable EP in the future.

In practice, the larger the loss difference, the wider the linewidth of the resonance,
which makes the spectrum splitting difficult to observe. The magnitude of the frequency
splitting factor determines whether the frequency splitting can be observed, which is
defined as the ratio of half of the sum of the frequency splitting and the splitting resonance
linewidths [45,46],

Qsp =
4g

γsum
(21)

where 2g = |ω1 −ω2| is the frequency splitting and γsum is the sum of the linewidths of
the resonance [140,163]. Figure 13c demonstrates that the frequency split in the experiment
can be easily identified only when the value of Qsp is greater than 1, and the minimum
value Qsp is reached at the EP. For loss–making systems, the linewidths of the intrinsic
frequencies near the EP are so wide that frequency splitting cannot always be identified.
Therefore, for a system with a large loss difference, even if the sensitivity is high, the
frequency splitting may not be seen, affecting the sensing performance. PT asymmetry
may overcome the drawbacks of the large linewidth of the resonance and enhance the
sensitivity of sensors. However, it is required to balance the losses with the additional gain
introduced for the PT–symmetric system. Furthermore, EP sensors based on PT–symmetric
systems introduce additional unstable factors to the system, such as noise, which increases
the complexity and cost of the system. The question of how to reduce the noise level to
improve the sensitivity of EP sensors is a great challenge for future PT–symmetric sensors.
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By reviewing the development status of EP sensing, it can be seen that both types of
EP sensors based on ES and PT symmetry have increased the complexity of the system
to obtain higher sensitivity for minute disturbances. There is a debate regarding whether
higher sensitivity could be obtained when higher noise is considered. Hence, it is important
to explore robust and stable EP sensors that do not affect the sensitivity in the future.

6. Conclusions

Different structures to achieve plasmonic Fano resonance and EP have been reviewed.
Due to the field enhancement and steep asymmetric scattering profile of the plasmonic
Fano resonance and the high sensitivity to the minute changes in EP, it has been shown that
they are suitable for highly sensitive sensors. The degenerated state of the EP is extremely
sensitive to perturbations and the changes in low–concentration detection substances, indi-
cating important applications and good prospects for new sensors. The working principles,
the latest work and the future trends of these plasmonic nanosensors and metasensors have
been fully summarized. It has been concluded that Fano resonance sensors and EP sensors
in plasmonic structures have higher sensitivity and wide applications.
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