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ARTICLE INFO ABSTRACT
Keywords: Optical sensors are among the most significant optical devices that have found extensive appli-
Optical cations for THz sensing. Surface plasmon-based sensors have attracted increasing attention more
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than other kinds of optical sensors such as photonic crystal, optical fiber, and graphene sensors,
owing to their compact footprint, fast reaction, and high sensitivity value. Therefore, this work
reviews plasmonic sensor structures divided into three general categories. These category types
are plasmonic sensors based on conventional basic platforms, coupled resonator structures, and
periodic structures. Furthermore, periodic structures include two sub-categories named metal-
insulator and insulator-insulator periodic structures. The most prevalent methods used to inves-
tigate such sensors are the finite element method (FEM) and finite-difference time-domain
(FDTD) method. Also, the metal and insulator materials used are usually silver, gold, air, Si, SiOx,
and so on. Based on the noted features, such sensors have obtained specific attention for many
applications in chemistry, physics, and biomedical.

1. Introduction

Due to the requirements of ultra-high computational speeds, semiconductor devices [1-3] cannot realize all future developing
requirements. Therefore, achieving devices with less noise and higher information densities made researchers switch from electronic
circuits [4-6] to photonic circuits [7-10]. One of the appropriate candidates to replace electronic integrated circuits is photonic crystal
(PC) structures [11-13]. PCs [14,15] are periodic topologies that can control the light flow. PCs can be designed and fabricated into
three groups of 1D, 2D, and 3D structures. The periodicity of PC structures generates photonic band gaps (PBGs) with sharp edges that
cause them to perform as an ideal mirror and confine light in the waveguide (WG) [16]. Accordingly, they can be applied to design
high-sensitivity optical sensors [17-19] and high contrast ratio optical switches [20,21].

Mentioned merits also make PCs an attractive structure for designing other optical topologies. Such devices include PC resonators
[22], sensors [23], filters [24-26], demultiplexers [27-29], splitters [30,31], couplers [32,33], modulators [34,35], logic gates
[36-38], oscillators [39], and so on. Although a variety of high-performance optical devices can be designed and fabricated using PC
structures, the relatively large footprints of such structures can be considered as a disadvantage. Accordingly, most optical devices
designed based on PCs can be realized using other optical structures such as surface plasmon-based structures [40-42] with fewer
footprint areas.

Surface plasmon polaritons (SPPs) are surface electromagnetic waves excited at the metal-insulator (MI) interfaces [43]. In other
words, plasmons are hybrid electron-photon oscillation that occur at the interface between a conductor and a dielectric [44]. As
mentioned, plasmonic structures [45] are one of the best options for realizing nanoscale devices. This is because of the capability of
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SPP waves to break the prevalent diffraction limit of light in usual photonic devices [46,47]. Recently, numerous SPP-based nano-
structures have been designed and experimentally or theoretically studied such as plasmonic sensors [48-50], filters [51-54], splitters
[55,56], demultiplexers [57,58], absorbers [59], converters [60], switches [61-63], logic gates [64,65], modulators [66,67], and so
on.

Among optical devices, sensors [68] have been the center of attention due to their wide applications. Their applications are in
different areas such as chemistry [69], physics [70], biomedical [71], and so on. For example, they can be used for blood component
measurements [72], health care applications [73], cancer cell detections [74], temperature sensing applications [75], and so on. Based
on Fig. 1 (various frequency bands in the electromagnetic (EM) spectrum and their nomenclature according to the IEEE Std [76]),
besides optical sensors, there are other kinds of sensors such as radio frequency (RF) [77,78], microwave [79-81], Millimeter Wave
(mmW) [82,83], and THz [84,85] sensors for different frequency ranges. In an overall comparison between optical sensors and other
types, it can be said that capacitive sensing using microstrip structures, interdigitated capacitors, and resonators is employed for RF,
microwave, mmW, and THz sensors. In contrast, optical sensors use common methods such as quantum dots, PCs, surface plasmon
resonance, ellipsometry, surface-enhanced Raman scattering, fluorescence, laser Doppler flowmetry, and backscattering [86]. On the
other hand, as known, when the frequency is increased, several factors come into play that lead to a decrease in the size of the devices,
and this trend is driven by higher performance for devices [87,88]. Accordingly, optical sensors have a more compact size and better
performance compared to the other types of sensors [89—91]. Until now, different methods have been approved to realize optical
sensors. These approaches are based on different structures such as optical fiber topologies [92,93], graphene [94,95], PC [96,97]1,
plasmonic [98,99], and so on.

Due to the sensitivity of surface plasmons to changing the refractive index (RI) of its insulator material, this structure may be
applied as a gadget for optical sensing. In plasmonic sensors, RI changes can be detected by connecting the particle to the surface. It
means that the particle-to-surface connection does not require labeling and is converted straight into a signal, while conventional
optical sensors require chromophore colors. Plasmon-based sensors increase main factors such as sensitivity, tunability, optical us-
ability, and stability of such sensors in the living ambiance compared to usual optical sensors. Consequently, surface plasmon sensors
can overcome the restrictions of other common optical sensors. The prevalent topologies to design optical surface plasmon-based
sensors are plasmonic ring-shaped resonators [100,101], Mach-Zehnder interferometers [102], cross-shaped resonators [103],
nanodisk resonators [104], rectangular resonators [105,106], triangular resonators [107], and so on.

This paper discusses a centralized review of optical surface plasmon-based sensors. In this paper, different topologies that are used
to design plasmonic sensors are divided into three general categories named plasmonic sensors based on conventional basic platforms,
coupled-resonator structures, and periodic structures. Using periodic structures is divided into two types; MI and insulator-insulator
(II) periodic structures. This paper is arranged in this way. Following the introduction section, conventional principal platforms that
are used to design plasmonic sensor structures and evaluation parameters for sensing performance are introduced in section 2. Section
3 explains different techniques for designing plasmonic sensor structures. Section 4 discusses the fabrication technology of different
types of plasmonic sensors. The sensing performance of designed sensors is compared in section 5, and the future of plasmonic sensors
is discussed in section 6. Finally, the last section is dedicated to conclusions.

2. Conventional basic platforms for plasmonic sensors and evaluation parameters for sensing

Optical plasmonic sensors benefit from significant features such as small footprints, simplicity in the fabrication process, and
remote sensing applications [108,109]. Consequently, they have attracted a lot of consideration, recently. In addition, such sensors can
act better than other traditional optical sensors in terms of some factors such as sensitivity, tuneability, ultra compactness, and
effective light confinement [110]. To simulate plasmonic sensors and achieve high sensitivity, noble metals such as gold and silver are
commonly used [111]. Also, when nanostructured materials such as Molybdenum disulfide, black phosphorous, and graphene are
combined with noble metals, a higher sensitivity value is achieved [112]. Accordingly, plasmonic sensors are suitable options for
different applications such as biomedical, chemistry, and physics [113-115].

Plasmonic optical sensor structures can be classified into different types of basic platforms. Fig. 2 shows the most conventional
platforms used for designing plasmonic sensors. Such platforms consist of a resonator and metal-insulator-metal (MIM) WGs. Fig. 2(a)
shows a resonator coupled to two WGs. Such a structure works as a band-pass filter. Fig. 2(b) shows a resonator laterally coupled to a
WG. Such a structure generates a narrow-band band-stop filter. A ring resonator-based structure that also acts as a band-pass filter is
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Fig. 1. EM spectrum showing different band ranges [76].



S. Khani and P. Rezaei Heliyon 10 (2024) e40923

(a)

Fig. 2. Conventional basic platforms used for designing plasmonic sensors, (a) A resonator coupled to two WGs from both sides, (b) A resonator
coupled to a WG from one side, (c) Ring resonator-based platform.

demonstrated in Fig. 2(c).

In these topologies, the insulator regions are usually exposed to the analyte. By varying the RI of the analyte, the transmission
spectrum changes. To give a better perspective of the performance of the sensor, it is assumed that the transmittance of a hypothetical
narrow-band band-pass structure is a single-mode Lorentzian spectrum (black solid curve in Fig. 3). As seen, when the RI of the analyte
is varied from ng to no+An, the Lorentzian resonance frequency (wy.s) shifts to a lower frequency (wrs — Aw). Two main parameters are
defined to be able to compare the performance of different plasmonic sensors. The first one is the sensitivity of plasmonic sensors (S;).
The resonance wavelength shift (A1) for a given RI change (6n) is compared by this parameter that is provided by Eq. (1) [116,117]:

OAres Al nm
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Although the sensitivity parameter is discussed in most published works, it cannot be a comprehensive parameter for comparison.
This parameter cannot show the resolution between the two primary and shifted resonance wavelengths. Accordingly, two sensors
with the same sensitivity may have different resolutions. Therefore, a more comprehensive parameter named the figure of merit (FoM)
is specified for comparing the performance of plasmonic sensors. The FoM parameter is given by Eq. (2) [116,117]:

FoM — > *)
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The FoM parameter is the ratio of S; to the bandwidth of the resonance mode (I"). The bandwidth is the wavelength range that light
can pass through the structure with minimal attenuation. The wavelength at which the transmittance level of the signal decreases by 3
dB from its maximum value is called the 3 dB bandwidth. A 3 dB decrease in transmittance means the signal value becomes half of its
maximum value. The bandwidth of an ideal band-pass structure (a structure with 100 % transmittance value at its resonance mode) is
specified in Fig. 3.
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Fig. 3. Lorentzian resonance of a hypothetical narrow-band band-pass structure and its shifted resonance.
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Accordingly, a sensor with a high value for FoM parameter results in a high-performance sensor. Next, it will be studied how a high
value for the FoM parameter of this case investigated here can be achieved. Perturbation theory can be used for this purpose [118].

According to the perturbation theory, if the analyte of a sensor is exposed to a slight variation, the corresponding resonance shift
can be estimated by Ref. [118]:

Ao ‘mv(ﬁ"‘Hﬂ M‘Em‘ W/// ( W+ Wm>.dV 3)
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Where H,.s, Wp, and p are the original magnetic field, magnetic energy density, and original permeability, respectively. In addition,
Eres; We, and € are the original electric field, electric energy density, and original permittivity, and W is the total energy stored in the
analyte. When p does not change, Eq. (3) can be rewritten as Eq. (4):
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Here ¢ is the permittivity of the free space, and ¢, is the relative permittivity. Moreover, the RI (n) can be shown by Eq. (5).
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Here i, shows the relative permeability. Consequently, the optical shift (Aw) can be obtained by Eq. (6) [119]:
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Where 6n is the RI change, and o is related to the portion of resonance mode energy kept in the analyte. This formula shows that by
increasing the resonance mode energy, the frequency shift increased. Furthermore, a Lorentzian function is shown by Eq. (7). In this
equation, Pj, is the input power, and P, shows the transmitted power.
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The quality factor (Q-factor) is defined by Eq. (8) [120,121]:
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Fig. 3 shows that the power ratio of the resonance frequency (wy;) for the primary and perturbed cases are considered to be unity
and P,, respectively. The value of P, can be given by:
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As a result, the contrast ratio (CR) is given by Eq. (10). In this equation, the power ratio of the unperturbed resonator is equal to 1,
and the power ratio of the perturbed resonator is shown by P,.
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To realize a high FoM plasmonic sensor, it is necessary to increase the CR value. Also, to earn a high value for the CR parameter, P,
must be as close to zero as possible. Eq. (9) shows that by enhancing the Q-factor and ¢ values, P, reduces. Finally, the footprint of the
plasmonic sensor is another effective evaluation parameter, so that a smaller size is more desirable. The ideal design structure for a

surface plasmon-based topology as a sensor is one of the most attractive research areas. This study area has been considered for years.
Accordingly, the various structures of the plasmonic sensors have been discussed in the following section.

3. Different techniques to design plasmonic sensor structures

Different techniques for realizing plasmonic sensors can be organized into three general types. The first one is that plasmonic
sensors are created using conventional basic platforms. Such a technique has been utilized in most of the papers by using different types
of resonator shapes. Another technique is that by coupling more than one resonator in the conventional basic platforms, plasmonic
sensors can be designed. Using periodic structures is the third method which is separated into two categories, namely MI and II periodic
topologies. Each of the above techniques is briefly considered in this section.
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Fig. 4. Examples of plasmonic sensors based on basic platforms: (a) Disk resonator [122], (b) Hexagonal resonator [123], (c) Rectangular resonator

[124], (d) Triangular resonator [125], (e) Elliptical resonator [126], (f) Rectangular ring-shaped resonator [127], (g) Stub resonators [128], Ring
resonator-based structure using a (h) disk ring [129], (i) square ring [130], (j) hexagonal ring [131].
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3.1. Plasmonic sensors based on conventional basic platforms

The most simple plasmonic sensor structures that have been used in various published works are based on a resonator coupled to
MIM WGs (conventional basic platforms in Fig. 2). A variety of plasmonic sensors with different resonator types based on the basic
platforms have been designed so far. Fig. 4 shows some of these plasmonic sensor structures. In Ref. [122], to design a plasmonic RI
sensor (RIS), a disk resonator coupled to two MIM plasmonic WGs (Fig. 4(a)). Disk resonators have some advantages such as easy
design and fabrication process and tunable resonance wavelengths. Accordingly, such a resonator is one of the most widely used
structures in surface plasmon-based devices. The proposed structure generated two resonance wavelengths in the range of 500-1000
nm. The locations of these resonance wavelengths depend on the RI of the insulator material which is positioned into the disk resonator
and MIM WGs. The finite-difference time-domain (FDTD) simulations showed that the sensitivity of the suggested sensor was 357.1
nm/RIU for the resonance mode of 1, and 222.2 nm/RIU for the resonance mode of 2. This sensor was used to identify various
materials.

Another resonator type that has been used in Ref. [123] is the hexagonal resonator (Fig. 4(b)). The main advantage of hexagonal
resonators is their better coupling capability with MIM WGs than disk resonators. In contrast, the fabrication procedure of hexagonal
resonators is more difficult than disk resonators. In this structure, the hexagonal resonator was filled with the analyte. The structure
performance was analyzed using the FDTD method, and its sensitivity and FoM were 1562.5 nm/RIU and 38.6 RIU™, respectively.
Since the topology designed in this work can act for temperature sensing, its temperature sensitivity was also calculated using S; =

o (m) and obtained 0.456 2.

oc

Using rectangular [124] and triangular [125] resonators with strong coupling capabilities are other methods for designing plas-
monic sensors. In Ref. [124], by coupling a rectangular resonator to two MIM WGs, a plasmonic sensor with a Fano resonance (FR)
response was designed. This sensor topology is demonstrated in Fig. 4 (c). The sensitivity value was 1820 nm/RIU. The plasmonic
sensor proposed in Ref. [125] was designed using a triangular resonator coupled to a plasmonic WG. Fig. 4(d) shows the structure of
the sensor designed in Ref. [125]. The performance of the sensor was studied by the finite element method (FEM). Its sensitivity and
FoM were 2713 nm/RIU and 52.36 RIU™, respectively.

As mentioned above, the corners of resonators such as hexagonal, rectangular, and triangular resonators have sharp edges. These
edges may be rounded through the fabrication procedure. Accordingly, such resonators require high fabrication accuracy. On the other
hand, another type of resonator such as a disk resonator that does not have this problem has only one design parameter which is the
radius of the disk resonator, and this restricts the designers from realizing an optimal construction. Consequently, one of the best
options that does not have the mentioned limitations is the elliptical resonator. Due to the rounded corners of such a resonator and two
design parameters of the major radius and the minor radius of the elliptical resonator, it was used to design an RIS [126]. Fig. 4(e)
shows the designed sensor configuration. As seen, the proposed sensor structure consists of an elliptical resonator, a straight MIM WG,
and a silicon layer. The FDTD simulations of the proposed sensor showed that it generated a multi-resonance mode transmission
spectrum. The resonance wavelengths had a red shift by inserting an analyte inside the elliptical resonator. It is because its RI was
changed. The FDTD simulations showed that the highest FoM and sensitivity values for the resonance wavelength of 592 nm were
282.5 RIU™! and 550 nm/RIU, respectively.

Using ring-shaped resonators is another technique to design a plasmonic sensor that was used in Ref. [102] (Fig. 4(f)). Such a
topology is composed of a ring-shaped resonator and two insulator WGs, etched on a metallic substrate. The proposed structure in
Ref. [127] generated two transmission peaks in the range of 400-2500 nm, which made the suggested topology a strong option for
significant sensing applications. The strong coupling ability between the filled ring-shaped resonator and MIM WGs results in high
transmission efficiency (95 %), sensitivity (1496 nm/RIU), and FoM (104 RIU D) values.

An additional kind of resonator used in various plasmonic topologies is the stub resonator. In Ref. [128], an MIM WG coupled to a
pair of stub resonators was utilized to design a RI plasmonic sensor. Fig. 4(g) shows this sensor structure. The FDTD simulations
showed that the proposed topology generated an FR that is an appropriate candidate for the implementation of sensors due to its sharp
edge and high sensitivity to RI variations. The ability to use the transmission line method (TLM) for the design and analysis of such a
resonator is its main benefit compared to the other resonators. It is because the TLM is several orders of magnitude faster than the other
usual methods such as FDTD and FEM.

Ring resonator-based structures, which can be based on different ring types, are another category widely used to design plasmonic
sensors [129-131]. Such a structure has several advantages which are desirable for designing optical sensors. For example, this
configuration has two distinct output ports, and it can produce high Q-factor resonance modes. Furthermore, since the locations of the
resonance modes depend on the integer fractions of the circumference of the ring, depending on the sensor’s application, it is possible
to adjust the resonance wavelengths by determining a suitable value for the circumference of the ring. Fig. 4(h), (i), and (j) show the
plasmonic sensors based on ring resonator-based structures using disk, square, and hexagonal rings, respectively. In Ref. [129], the
FDTD results showed a multi-resonance transmission spectrum with the highest sensitivity value of 921 nm/RIU was achieved. The
sensor structure designed in Ref. [130] was used for water glucose sensing. In this structure, the sensitivity and FoM values of 6400
nm/RIU and 10000 RIU! were obtained, respectively for the produced FR. Finally, the last ring resonator-based structure which is
used a hexagonal ring [131] produced a single-mode transmission spectrum with a high sensitivity of 4270 nm/RIU.
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3.2. Plasmonic sensors based on coupled-resonator structures

Another prevalent method for designing plasmonic sensors with high sensitivities is realized by coupling more than one resonator
in the conventional basic platforms. Coupled resonators may have similar or different geometric structures. Coupling resonators
together is a well-known method that can increase the sharpness of resonance transition edges. Therefore, such a method can be used
to design sensors with higher sensitivities compared to the first technique. In addition to this application, it can also be used for other
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Fig. 5. Examples of plasmonic sensors based on the coupled-resonator structures: (a) H-shaped resonators [132], (b) Ring-shaped resonators [133],
(c) Disk resonators [134], (d) Rectangular resonators [135], (e) Disk and stub resonators [136], (f) Disk and rectangular resonators [137], (g) Square
ring-shaped and disk ring-shaped resonators [138], (h) Semi-circle ring-shaped and cross-shaped resonators [139].
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requests like designing slow-light WGs. Some various works that have used the coupled resonators technique for plasmonic sensor
design are reviewed in the following.

In [132], a plasmonic RIS consisting of three coupled H-shaped resonators and two MIM WGs was proposed. Fig. 5(a) shows this
structure. The RIS designed in this paper had a single-mode spectrum in a relatively wide wavelength range. One of the main ad-
vantages of this work is that to obtain different FoM values, it can be easily redesigned with various units of H-shaped resonators
without causing a disturbance in its single-mode response. The sensitivity and FoM of this design were 1050 nm/RIU, and 108.36
RIU™}, respectively. Ref. [133] suggested an RIS using coupled tangent-ring resonators and an MIM WG. The performance of this RIS
was investigated with different numbers (two, three, four, five, and six) of tangent-ring resonators. The FDTD results showed that by
using two coupled resonators (sensor structure in Fig. 5(b)), there was an FR with an asymmetrical line shape in the transmittance, and
the sensitivity and FoM values were 880 nm/RIU and 964 RIU™?, respectively. When the number of resonators was increased, multiple
FRs with ultra-sharp edges were generated that could increase the FoM value.

In another work [134], six circular coupled resonators with different radii coupled to an MIM WG from the top and bottom sides
were used to design a surface plasmon-based structure for sensing (Fig. 5(c)). The transmittance of this design which was obtained
using the FEM had multi-narrowband resonance modes. It is worth mentioning that the maximum sensitivity and FoM of this sensor
were 700 nm/RIU and 350 RIU™}, respectively. The other plasmonic sensor structure that will be reviewed in this work is used for
temperature and blood group detection [135]. The sensor was designed using three coupled quadrilateral resonators sandwiched
perpendicularly between two MIM WGs (Fig. 5(d)). The FEM was used for numerical investigations of this design and an optimization
technique was also applied to rectify the performance of the sensor. A sensitivity of 1556 nm/RIU and a FoM of 14.83 nm/RIU were
attained for this structure, and when it was used for temperature sensing, a sensitivity of 0.61 nm/ C was achieved.

The next plasmonic RISs reviewed in this work are based on coupled resonators with different geometric structures [136-139]. In
Ref. [136], four plasmonic RISs based on stub resonators coupled to disk resonators comprising silver strips and an MIM WG were
designed (Fig. 5(e)). Coupling these two types of resonators led to narrow plasmon-induced transparency resonance peaks. In other
words, from the interaction between the broad continuous spectrum of the stub resonators and the narrow discrete resonance of the
disk resonators containing metal strips, PIT resonance peaks were created. By using a stub resonator coupled to a disk resonator
containing metal strips, the initial sensor was proposed. The other three were designed based on two stubs and one disk containing

(d) (e)

Fig. 6. Examples of plasmonic sensors based on the MI periodic structures: (a) Metal nano-rods in a square resonator coupled to rectangular
resonators [140], (b) Metal nano-rods in a square resonator [141], (c) Metal nano-rods in an elliptical resonator [142], (d) Metal nano-rods in a
semi-circle ring-shaped resonator [143], (e) Metal nano-rods in a T-shaped resonator [144].
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metal strips, one stub and two disks containing metal strips, and two stubs and two disks containing metal strips, respectively. The
FDTD results showed that the maximum sensitivities of 725.1, 715.1, 772, and 703.26 nm/RIU and the maximum FoM values of 91.78,
120.18, 144.27, and 113.07 RIU~! were attained for the first to the fourth RISs, respectively.

Fig. 5(f) shows that the next structure reported in Ref. [137] (a tunable plasmonic RIS) used coupled disk and rectangular reso-
nators. The performance characteristics of this design were obtained using the FDTD method. The appearance of a narrow PIT
resonance peak for this structure led to high FoM and sensitivity values of 61.55 RIU™! and 800 nm/RIU, respectively. By using the
central coupled circular and rectangular ring-shaped resonators, another RIS with a multiple resonance spectrum was designed [138].
Fig. 5(g) shows the total structure of this design. Furthermore, to improve the proposed sensor’s sensitivity, several silver baffles were
inserted in the rectangular ring-shaped resonator. This enhances the sensitivity by 1.36 times. The FEM results showed that the
sensitivity is 3400 nm/RIU and the FoM is 36 RIU™! for the optimized structure (sensor with the silver baffles inserted in the rect-
angular ring-shaped resonator).

Fig. 5(h) shows the last structure reviewed in this section. As seen, this sensor construction is composed of coupled semi-circle ring-
shaped and cross-shaped resonators which were coupled to an MIM WG. The transmission spectrum of this structure had one Lorentz
peak and five FRs. In fact, the coupling of continuous states created via the direct WG into the semi-circle resonator and discrete states
created in the crosswise resonator generated this spectrum. The suggested RIS in this paper was simulated using the FEM. The
sensitivity and FoM values were obtained at 1600 nm/RIU and 193 RIU™}, respectively.

3.3. Plasmonic sensors based on periodic structures

One of the main drawbacks of the second method (coupled-resonator structures) for designing plasmonic sensors is that the size of
the structure increases by coupling resonators together, which is not desirable. This is because having a compact size is one of the
important factors in designing plasmonic sensors. Accordingly, another method that uses periodic structures has also been used to
design plasmonic sensors. Using this method not only improves the performance of the sensors by sharpening the resonance peaks but
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Fig. 7. Examples of plasmonic sensors based on the II periodic structures: (a) Periodic insulator layers [145], (b) Cross-slit metallic photonic crystals
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also reduces the size of the structures compared to the second method. This technique includes two sub-categories, namely MI and II
periodic structures that are reviewed in the following.

3.3.1. Plasmonic sensors based on MI periodic structures

As mentioned, there are a lot of published works that used periodic MI topologies to progress the performance of plasmonic sensors.
Some of such sensor structures are reviewed in this sub-section [116-120]. These structures can be designed by introducing the metal
rod defects inside the insulator medium. The placement of these metal rod defects may be in different ways. For example, these pe-
riodic arrays can be inserted with square [140,141], triangular [142], irregular [143,144], or other patterns. Also, these defects may
have the same [140-143] or different [144] dimensions.
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Fig. 8. Fabrication steps of proposed sensors reported in (a) [126], (b) [148].
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Fig. 6(a) shows that a tunable sensor structure using a metal rod array inserted in a square resonator coupled to two rectangular
resonators and two MIM WGs was designed for glucose concentration monitoring [140]. It is worth saying that both methods of
coupled-resonator structures and periodic MI structures were used in this topology. In other words, the suggested design benefited
from the advantages of both techniques. The FDTD simulations showed that a sensitivity of 892 nm/RIU was achieved for the sug-
gested sensor.

In [141,142], two compact RISs for temperature sensing based on square and elliptical resonators incorporating periodic metal rod
defects and MIM WGs were proposed, respectively (Fig. 6(b) and (c)). Their sensing performance was numerically analyzed by the
FDTD method. These two sensor structures had Lorentzian (bell-shaped) frequency responses. The RI and temperature sensitivities of
designed sensors in Refs. [141,142] were 2320 nm/RIU, 2610 nm/RIU, 0.84 nm/ C, and 1.03 nm/ C, respectively.

The next sensor structure designed based on a semi-circle ring-shaped resonator loaded with periodic metal rod defects coupled to
an MIM WG was proposed in Ref. [143]. The suggested sensor is illustrated in Fig. 6(d). To study the effect of metal rod defects, the
transmittances of the main sensor and the sensor without defects were compared via the numerical method used in this paper (FEM).
As expected, and discussed, the metal rod defects increased the sensitivity significantly. The obtained sensitivity was equal to 1084.21
nm/RIU. The RIS designed in this paper had the ability to be used for biochemical sensing applications.

Fig. 6(e) shows a plasmonic RIS consisting of a T-shaped resonator loaded with metal rods periodically coupled to an MIM WG
[144]. Using the metal rods in the T-shaped resonator proposed in this paper could achieve an ultra-high sensitivity value compared to
traditional T-shaped resonators. The sensitivity was 8280 nm/RIU. Furthermore, the performance of the suggested RIS was investi-
gated for temperature sensing, and it had a relatively high-temperature sensitivity of about 3.3 nm/’C for temperature sensing.

3.3.2. Plasmonic sensors based on II periodic structures

Owing to the actuality that metals have inherent losses that cause decreases in the amount of transmission in the frequency
response, another method used in some works was II periodic structures. In other words, a combination of plasmonic and PC structures
was used in such structures [145-147]. Periodic PC topologies can produce PBGs with sharp edges. This feature is a suitable option to
design RISs. In Ref. [145], a periodic one-dimensional II structure (one-dimensional PC lattice) coupled to two MIM WGs was utilized
to create a sensor for basal cell cancer detection (Fig. 7(a)). Its transmittance produced a PBG with a wide gap between two sharp
edges. This option led to a wide practical wavelength range for the suggested sensor. The sensitivity and FoM of this design sensor using
the FDTD method were 718.6 nm/RIU and 156.217 RIU™}, respectively.

Fig. 7(b) shows another sensor structure [146]. As seen, this topology was composed of two periodic structures in a background of
SiO4 material. The top periodic layer was a cross-slit metallic PC structure, and the bottom periodic layer was an II periodic structure
(two-dimensional PC lattice). The FDTD simulations showed that due to the coupling effect between the excited WG mode and surface
plasmonic mode supported by metallic and insulator PCs, the proposed structure achieved an electromagnetically induced trans-
parency phenomenon with a sensitivity value of 700 nm/RIU.

Finally, the last sensor reviewed in this paper is demonstrated in Fig. 7(c) [147]. The proposed RIS was composed of an II periodic
structure (one-dimensional PC lattice) coupled to a metal layer at the end of the PC lattice and two MIM WGs. The numerical FDTD
method was applied to design the suggested sensor, and this showed that the transmission spectrum generated two Lorentzian
resonance peaks with narrow bandwidths which were suitable for sensing applications. The narrower peak with a bandwidth of 14 nm
had an RI sensitivity of 1210 nm/RIU.

4. Fabrication technology of different types of plasmonic sensors

After introducing and studying all category types of plasmonic sensors including conventional basic platforms, coupled resonator
structures, and periodic structures, their fabrication technologies are briefly discussed and compared to each other in this section. In
the previous sections, it is explained that sensor structures designed using coupled resonators and periodic structures can have higher
sensitivity and FoM values than the first category (sensors based on conventional basic platforms). This is because 2-s categories can
produce sharper transmission spectra. As known, there is a trade-off between different designing parameters of a sensor. It means that
although 2-s categories (coupled resonator and periodic structures) can produce sensors with higher sensitivity and FoM values than
the first one (conventional basic platforms), they have a more difficult fabrication procedure due to their more complex structure. Also,
regarding the comparison of the fabrication process of the second and third categories, it can be said that periodic structures have far
more complicated fabrication procedures than coupled structures.

To create a better view, the fabrication steps of a sensor based on conventional basic platforms [126] and a sensor based on periodic
structures [148] are shown in Fig. 8. In the following, detailed explanations of the fabrication steps of both structures (Fig. 8 (a) and
(b)) are given. To fabricate the sensor structure proposed in Ref. [126] (Fig. 8 (a)), first, by sputtering, the metal is deposited on the
oxide substrate. In the second and third steps, the Silicon dioxide and Silicon layers are grown by chemical vapor deposition,
respectively. Thereafter, the Silicon layer is etched. In the two final steps, the cavity shape is etched into the silver layer, and this layer
is flipped and attached to the lower section.

Fig. 8 (b) shows the fabrication steps of a unit cell of the sensor structure designed in Ref. [148]. As seen, first, the Silicon dioxide is
deposed, and the Silicon dioxide ring pattern is generated on the substrate layer. After that, in steps 3 and 4, the shown part of the
Silicon dioxide ring is etched and filled with the Silicon layer, respectively. In the last step, the gold layer is deposited.

As seen in this figure, compared to the size of the proposed resonator in Ref. [126], the dimensions of ring Si and SiO5 resonators in
Ref. [148] are very small. On the other hand, the proposed structure in Ref. [148] is composed of several unit cells which consist of
these two coupled ring resonators and it is needed to fabricate all unit cells next to each other. Therefore, this complicated process
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needs a much higher fabrication accuracy compared to the structure proposed in Ref. [126].
5. Performance comparison of the reported plasmonic sensors in the literature

In this section, to give a general view of the reported plasmonic sensors’ performance, their main features are summarized in some

comparison tables. These properties are the topology type of the sensors designed in the literature, the used material, the simulation
method, the spectrum type of their transmission spectrum, the sensitivity, the FoM, and the total footprint of the sensor structures.

Table 1
Performance comparison of the suggested plasmonic sensors reported in the literature.
Category Ref. Topology Material Simulation Spectrum Sensitivity FoM Size
method (nm/RIU) ®RIU™Y (nm?)
Conventional [122] A disk resonator and two MIM Air, Ag FDTD Lorentzian 357.1 — 400 x
basic WGs 840
platforms [123] A hexagonal resonator and one Air, Ag, FDTD Lorentzian 1562.5 38.6 900 x
MIM WG Dielectric 1300
[124] A rectangular resonator and two  Air, Ag FEM Fano 1820 - 110 x
MIM WGs 950
[125] A triangular resonator and one Air, Ag, FEM Lorentzian 2713 52.36 688 x
MIM WG Dielectric 910
[126] An elliptical resonator and one Air, Ag, Si, FDTD Lorentzian 550 282.5 460 x
MIM WG SiOy 1200
[127] A rectangular ring-shaped Si, Ag, FEM Lorentzian 1496 104 350 x
resonator and two MIM WGs Dielectric 810
[128] Two stub resonators and one Air, Ag FDTD Fano - - 500 x
MIM WG 737
[129] A disk ring resonator and two Air, Ag FDTD Lorentzian 921 - 812 x
MIM WGs 1100
[130] A rectangular ring resonator and  Air, Ag FDTD Fano 6400 10000 510 x
two MIM WGs 580
[131] A hexagonal ring resonator and Air, Ag FDTD Lorentzian 4270 - 510 x
two MIM WGs 580
Coupled- [132] Three H-shaped resonators and Air, Ag FDTD Lorentzian 1050 108.36 270 x
resonator two MIM WGs 1380
structures [133] Two tangent-ring resonators and  Air, Ag FDTD Fano 880 964 170 x
one MIM WG 520
[134] Six disk resonators and one MIM  Air, Ag FEM Lorentzian 700 350 640 x
WG 1464
[135] Three rectangular resonators and Air, Ag FEM Lorentzian 1556 14.83 550 x
two MIM WGs 720
[136] two stubs and two disks Air, Ag FDTD PIT 703.26 113.07 530 x
containing metal strips and one 970
MIM WG
[137] Two disk and two rectangular Air, Ag, FDTD PIT 800 61.55 900 x
resonators and one MIM WG Dielectric 1010
[138]  One square and one disk ring- Air, Ag FEM Lorentzian 3400 36 500 x
shaped resonator and two MIM 920
WGs
[139]  One semi-circle ring-shaped and  Air, Ag FEM Fano and 1600 193 570 x
one cross-shaped resonator and Lorentzian 1140
one MIM WG
Periodic MI [140] One square resonator with metal ~ Air, Ag FDTD Lorentzian 892 - 510 x
structures rods and two rectangular 810
resonators and two MIM WGs
[141] One square resonator with metal Air, Ag FDTD Lorentzian 2320 - 510 x
rods and two MIM WGs 580
[142] One elliptical resonator with Air, Ag FDTD Lorentzian 2610 - 510 x
metal rods and two MIM WGs 700
[143]  One semi-circle ring-shaped with  Air, Ag FEM Lorentzian 1084.21 - 400 x
metal rods and one MIM WG 1000
[144] One T-shaped resonator with Air, Ag FEM Lorentzian 8280 - 230 x
metal rods and one MIM WG 730
Periodic IT [145] One-dimensional PC and two Air, Ag, GaAs FDTD PBG 718.6 156.217 250 x
structures MIM WGs 4380
[146] One cross slit metallic PC Si, Ag, AiOy FDTD Lorentzian 700 - 760 x
structure and two-dimensional 760
PC
[147] One dimensional PC coupledtoa  Air, Ag, FDTD Lorentzian 1210 - 250 x
metal layer and two MIM WGs Insulator with 950
n =14
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Tables 1 and 2 present these parameters. Also, the applications, detection ranges, and publication year of reported sensors, are given in
Table 3. As seen in Table 1, based on the topology types and material of the designed sensors, different spectra types with various
sensitivities and FoM values were achieved. Accordingly, the results collected in this review paper can give a suitable perspective for
optical sensors based on plasmonic structures that will be designed in the future.

Asseen in Tables 1 and in most works, Ag and air have been used as metal and insulator materials to design the sensors. The reason
for this can be explained as follows. Since noble metals such as Ag and Au have large negative real parts and small imaginary parts of
permittivity in terahertz frequencies, they are usually utilized in plasmonic sensors. On the other hand, among these two noble metals,
Au is more expensive than Ag, which has made Ag more widely used than Au. Also, because air is an available insulator material and
can easily be replaced with other insulators in the plasmonic sensor structures, it is the most widely used insulator material in plas-
monic sensors.

Since other structures have been designed and presented using different metals and insulators, we report the performance of some
of them in a separate table (Table 2) to have a more comprehensive study. As shown in Table 2, the comparison parameters of these
works are the same as in Table 1.

As discussed before, sensors have different applications in various fields such as chemistry, physics, and biomedical. All the sensors
reported in the literature are sensitive to changes in the refractive index of their analyte. Hence, all of them are generally designed and
presented as refractive index sensors. But in some works, special applications for designed sensors are presented. These applications
and the detection wavelength ranges of sensors are reported in Table 3.

6. Discussions on the future of plasmonic sensors

As discussed, plasmonic sensors have some advantages such as their small footprints (nanometer-scale), high sensitivity, and
flexibility. As a result, these properties motivate researchers to design and propose various surface plasmon-based sensors based on
different structure types. However, there is still a demand for plasmonic sensors with higher performance. Therefore, this section is
devoted to the future perspective for designing plasmonic sensors by overcoming the existing limitations.

The most important current challenge is increasing the sensitivity, FOM, and resolution of plasmonic sensors. Research shows that
combining two-dimensional nanomaterials with noble metals plays a significant role in developing sensor performance parameters
such as sensitivity, FOM, and detection accuracy. Two-dimensional nanomaterials such as graphene, black phosphorus, MXenes, and
dichalcogenide of transition metals significantly improve performance parameters and protect metal layers against oxidation. This is
because adding a two-dimensional nanomaterial layer raises the electrical field at the interface and accelerates the transfer of charges
between plasmonic metal and probe molecules due to the high mobility of the carrier, thereby enhancing the sensitivity of the surface
plasmon-based sensors. Also, it is worth mentioning that emerging quantum plasmonics present a new paradigm shift in optical sensing
from classical measurement to quantum metrology, which has realized outstanding performance beyond traditional techniques.
Accordingly, more realistic applications in medicine and biochemistry based on quantum technology are anticipated shortly. However,
the research on two-dimensional nanomaterials and quantum sensing is still in its initial stages, and as a very attractive field of science
and technology, it needs more research.

7. Conclusion

In this review, surface plasmon-based optical sensors reported in the literature are studied. According to the structures used in
different papers, here, such sensors are divided into three general groups. The first category is based on conventional basic platforms
which include a resonator coupled to two WGs from both sides, a resonator coupled to a WG from one side, and a ring resonator-based
structure. The second group is coupled-resonator structures, and the last one is periodic structures. The third method includes two
kinds of MI and II periodic structures. Finally, the performance of such sensors is reviewed and compared to each other based on their
topology types, transmission spectrum types, and their main characteristics such as sensitivity and FoM parameters.

Table 2
Performance comparison of the plasmonic sensors with different metal and insulator materials from the reported sensors in Table 1.
Ref. Topology Material Simulation Spectrum Sensitivity FoM Size (nm?)
method (nm/RIU) @®RIUY
[149]  Triplet-coupled stub resonators, a disk resonator Insulaor, Ag FDTD Fano 684 621.8 1190 x
and one MIM waveguide 1200
[150] A gold spiral resonator inside a rod-type hexagonal  Si, Au FDTD Lorentzian 1675 2991 16770 x
Si PhC caviy 19350
[151]1  An 8-shaped resonator and two MIM waveguides Insulaor, Ag FDTD Lorentzian 1200 - 675 x 680
[152] An FK51A prism, thin metal film, 8 nm BaTiOs, 3 Blue P/MoS,, FDTD Lorentzian 347.82 - -
layers of BlueP/MoS; hetero-structure, and a BaTiO3, Ag
sensing medium
[153] A rod-type PhC structure and some metallic rods Si, Si0,, Ag FDTD PBG 1672 2388 -
[154] A hybrid layer of gold-zinc oxide ZnO-Au FDTD Lorentzian - - -
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Table 3
Applications of the plasmonic sensors reported in the literature.
Category Ref. Application Detection range (RI) Year
Conventional basic platforms [122] Sensing RI of material under sensing 1-1.5 2013
[123] Sensing RI of material under sensing 1-1.12 2015
[124] Sensing RI of material under sensing 1-1.1 2016
[125] Biomedical applications 1-1.4 2021
[126] Sensing RI of material under sensing 1-1.34 2021
[127] Biomedical applications 1-1.5 2016
[128] Sensing RI of material under sensing 1-1.06 2017
[129] Sensing RI of material under sensing 1-1.05 2015
[130] Glucose concentration sensing 1-1.05 2019
[131] Sensing RI of material under sensing 1-1.2 2016
Coupled-resonator structures [132] Sensing RI of material under sensing 1-1.01 2022
[133] Sensing RI of material under sensing 1-1.1 2018
[134] Inspecting hemoglobin concentration in human blood samples 1-1.03 2021
[135] Temperature and blood group detection 1.4-1.5 2020
[136] Sensing RI of material under sensing 1-1.04 2023
[137] Sensing RI of material under sensing 1-1.04 2020
[138] Sensing RI of material under sensing 1-1.15 2021
[139] Sensing RI of material under sensing 1-1.08 2020
Periodic MI structures [140] Glucose concentration monitoring 1-1.15 2018
[141] Human blood group identification 1-1.1 2017
[142] Sensing RI of material under sensing 1-1.05 2017
[143] Biomedical sensing applications 1-1.38 2020
[144] Sensing RI of material under sensing 1-1.5 2019
Periodic II structures [145] Detection of basal cell cancer 1-1.005 2022
[146] Sensing RI of material under sensing 1.3-1.7 2011
[147] Sensing RI of material under sensing 1-1.6 2021
Structures with different materials [149] Sensing RI of material under sensing 1-1.05 2023
[150] Detection of various blood components 1.33-1.4 2024
[151] Detection of basal cancer cells 1.36-1.38 2023
[152] Sensing medium with refractive indices up to 1.335 1.33-1.35 2021
[153] Sensing RI of material under sensing 1.33-1.34 2022
[154] Hyperuricemia detection - 2023
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