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Abstract
In this study, we designed and evaluated a sensing architecture using a metal–insulator-metal waveguide connected to 
an H-shape resonator for refractive index change measurement in two unique bands of refractive index: n = 1.8–1.95 and 
n = 2.1–2.3. A 3-D finite element approach is used to investigate the device sensing characteristics. For the waveguide, the 
H-shape resonator offers a cavity resonance zone where the substance to be detected is filled. The transmission curve plot 
revealed that the suggested arrangement generates two resonant dips. The resonant wavelength was found to have a direct 
and linear relationship with the refractive index of the material being sensed, the length of vertical height, and the width 
of the cavity’s mid-arm. Sensitivity and figure of merit have the highest values of 1007.78 nm/RIU and 29 RIU−1, respec-
tively. The highest quality-factor obtained was 60. The proposed structure can be employed for refractive index sensing at 
the nanometer scale and increasing spectroscopy applications since it has features like nano size, high sensitivity, a linear 
relationship between tuning parameters, and a larger sensing span.

Keywords Cavity resonance · Fabrication defects · H–shape cavity · Lorentzian resonance · Refractive index sensor · 
Sensitivity

Background

Plasmonic is a branch of nano-optics that makes use of sur-
face waves for propagating signals inside the waveguide. 
Those surface electromagnetic (EM) waves are named 
surface plasmon polaritons (SPPs) which travel across a 
metal–dielectric interface [1, 2]. Nowadays, SPPs based 
designs have drawn much attention of the researchers 
because they pose a remarkable ability to overcome the dif-
fraction limit of light [3]. This exclusive feature provides 

a platform to design nano-sized devices which may have 
great potential application areas and maybe fit in realizing 
highly integrated optical circuits. For instance, plasmonic 
filters [4, 5], sensors [6], and optical switches [7] have been 
designed to exploit SPPs. Moreover, a special arrangement 
of metal–insulator-metal (MIM) layers is done to form a 
waveguide that relies on the propagation of SPPs in the 
core of the waveguide (WG). The MIM-WG construction 
has a non-conducting layer inserted between the dual con-
ductor layers. Recently, the MIM-WG have attracted the 
mind of researchers because it offers many advantages 
like deep-subwavelength confinement of light needed for 
small-sized device, low loss of signal inside the core and 
surrounding, and relatively easy fabrication procedure 
needed to realize the design [8, 9]. With these features, they 
are used to model numerous optoelectronics devices that 
include filters [10–13], optical switches [12], demultiplex-
ers [14], modulators [15, 16], coupler, and splitters [17, 18]. 
Recently, sensors based on SPP waves of MIM-WG are used 
for measuring the small variations of the refractive index 
(RI) of various substances. For example, these sensors are 
deployed in diverse application fields like the agriculture 
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industry for sensing pesticides, the food industry for sensing 
chemicals, environmental monitoring by sensing gases and 
temperature, and biomedical instrumentations for detecting 
biochemicals and biological cells based on the refractive 
index (RI) change measurement. Such huge uses are because 
of their local field enrichment and top susceptibility to the 
nearby media. Scientists have labored to design, analyze 
and realize plasmonic sensors that are actually constructed 
with MIM-WGs and some coupled resonators. They have 
proposed numerous such structures. These structures rely 
on MIM-WG platform to exploit the features of Lorentzian 
resonances modes [6, 19–23], and Fano resonances (FRs) 
modes [24–32].

Research has demonstrated that structures based on meta-
materials that act as an absorber to be used as sensing appli-
cations are just as important as MIM-WGs-based designs. 
They work with the concept of plasmonic resonance. A 
hyperbolic metamaterial, for example, works primarily on 
the same resonance principle in the terahertz and visible 
frequency bands, with only a few exceptions in the near-
infrared frequency region [33]. They can also exploit the 
electromagnetic-induced transparency and plasmon-induced 
transparency which can be easily tuned and controlled to 
act as biosensors. They work on the principle of local-
ized surface plasmon resonance. The metamaterial-relied 
absorbers are generally made up of gold, silver, platinum, 
titanium, chromium, and indium antimonides. These metals 
are expensive if we wish to achieve huge absorptivity in the 
visible and near-infrared regimes of the light wave. This 
problem can be solved by using tungsten – a cost-effective 
metamaterial [34]. The metamaterial absorber can be built 
utilizing nickel as a plasmonic material in the top layer for 
functioning in the UV to IR light regime, which has a prom-
ising and steady absorption response [35]. The Yagi-Uda 
shaped metamaterial-based absorber is meant to function in 
the microwave regime’s X- and Ku-bands, with ultra-small 
dimensions, controllable polarization, and incidence angle 
stability over a wide range of incidence angles [36]. Due 
to its superior performance, such as design flexibility, and 
ease of fabrication, on one hand, metal–insulator-metal-
based metamaterial absorbers have recently become the most 
promising and explored for a wide range of wavelengths. 
MIM-WG-based devices, on the other hand, have attracted 
attention in the same way that metamaterials-based absorb-
ers have. The focus of this paper is the latter one.

The exploitation of resonances in the MIM WG-cavity 
structure has opened the door for many optical applications. 
FR modes would be achieved in composite different resona-
tors structures [37] whereas Lorentzian responses would be 
achieved both in single resonator structures and composite 
resonator structures [38]. The single resonator structures 
exploiting Lorentzian modes are rectangular cavity resona-
tor [6], ring resonator [19], hexagonal cavity resonator [39], 

fillet cavity resonator [40], hexagonal ring cavity resonator 
[41], square ring resonator [42, 43], ring-shaped Si resonator 
[44], half ring resonator [45], triangular ring and cavity reso-
nators [46], and bow-tie cavity resonator [23]. The results 
of the above-discussed single resonator layouts revealed that 
the execution of resonators can further be increased with 
structural modifications. Moreover, it is observed that the 
performance enhancement is not only possible by structural 
design alone. So, there is still a room for the novel single 
structure that can provide acceptable sensitivity with sim-
ple and smaller construction needed for fabrication. The 
proposed device may be one of the promising theoretical 
designs.

A very sensitive plasmonic architecture made up of a 
MIM-WG and an H–shaped cavity has been proposed and 
examined in this paper. The 3-D design was modeled with 
scattering boundary conditions. The finite element method 
(FEM) has been adopted to look into the performance of the 
presented structure. In designing and simulation, we use the 
commercially available software COMSOL Multiphysics. 
The transmission characteristics of the H-cavity are theoreti-
cally investigated. In addition, the influences of structural 
parameters like vertical length, the width of the central arm, 
and separation between the two vertical legs of H – structure 
on the transmission curves and finally on overall sensing 
performances are investigated. The chemicals and liquids 
that have RIs between 1.8–1.95 and 2.1–2.3 are sensed 
and analyzed by varying the design parameters. This novel 
design is very compact size with a nanoscale footprint of 
180nm × 400nm × 150nm , easily fabricable, and offers excel-
lent sensing performances. The design performs in the near-
infrared regime where a halogen lamp or superluminescent 
diode (SLED) can act as the light source.

Design Model and Theory

As depicted in Fig. 1a, the proposed senor consists of a 
MIM-WG, where air (white part) acts as dielectric to con-
struct the WG core (with width = 50 nm), and silver (Ag) 
(gray part) as metal. The H-shape cavity is placed tan-
gentially on one side of the main WG to act as a cavity-
resonator. The 3-D view of the proposed sensor structure 
is as shown in Fig. 1b. The H-cavity can be thought of as 
having three physical components two vertical legs and one 
horizontal arm named here as a middle or central arm. The 
structural parameters of the design, their notations, and their 
values are summarized in Table 1. The parameters are cho-
sen to obtain better resonances obeying the resonant condi-
tion specified by Eq. (6) and better sensing performances.

In the simulation, the structural parameters are set as 
w = 50nm , l1 = 330nm through 360  nm with an incre-
ment of step size of 30 nm, l2 = 150nm through 165 nm 
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by stepping of 5 nm, w1 = 30nm , and w2 = 30nm through 
60 nm with an increment of step size of 10 nm. Throughout 
the simulation, w and w1 are kept to their displayed values. 
Furthermore, the height of the design is fixed at 160 nm.

The lightwave excites SPPs that propagate across the 
center core of the waveguide which is then coupled to the 
cavity resonator, thus, generating a resonant condition. The 
electromagnetic field pattern is observed from the output 
port of the WG. One after another, the materials under sens-
ing (MUS) are filled into the H-shape cavity. In doing so, the 
effective refractive index of the sensor gets changed which 
leads to wavelength shift at the output signal. The way of 
measuring the changes in wavelength swift as a result of 
changing filling materials (or optical RI of the medium) 
is called the wavelength interrogation technique which is 
the interrogation method used for the proposed sensor. The 
material-filled and lightwave interact with each other. At 
some particular wavelength, maximum interaction takes 
place and this wavelength is called the resonant wavelength. 
At the resonance condition, the power transfer to the output 
port is minimum and it is maximally captured in the cav-
ity. The transmittance is calculated at this condition at the 
output port. For each RIs, transmission is calculated to dem-
onstrate the resonance shift and calculate the performance 
parameters.

The suggested WG’s size of 50 nm indicates that it is less 
than the magnitude of the light wave sent into it, ensuring 
that only the fundamental transverse magnetic (TM) mode 
propagates in the WG core. The primary TM mode has the 
following dispersion relation in the proposed MIM WG [19].

where kz1 and kz2 are momentum conservations and are 
defined as:

where �in = n2 is the insulator dielectric constant, � is 
the propagation constant, and k0 = 2�∕�0 is the vacuum 
wavevector. Ag is selected as the proposed WG’s cladding 
layers due to its low absorption and low power consump-
tion compared to other metals (gold and aluminum-like), 
as well as its ease of fabrication and strong etch selectivity 
[47]. Furthermore, Ag is regarded as one of the best met-
als for plasmonic applications in visible and near-infrared 
light, with excellent atmospheric stability and the lowest loss 

(1)�inkz2�mkz1coth

(

ikz1�

2

)

= 0

(2)kz1
2
= �ink0

2
− �2

(3)kz2
2
= �mk0

2
− �2

Fig. 1  a Schematic depiction of the proposed layout in two dimensions and b 3-D view of the proposed design.

Table 1  Dimensional summary 
of the proposed design

Name of the parameter Notation Values (nm)

Width of the main WG w 50 (fixed)
Length of the vertical cavities l1 330–360 (varied with the stepping of 10 nm)
Length of the horizontal cavity l2 150–165 (Varied with the stepping of 5 nm)
Width of the vertical cavities w1 30 (fixed)
Width of the horizontal cavity w2 30–60 (varied with the stepping of 10 nm)
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among all metals [48]. Ag is cheaper than Au and produces 
better outcomes. As a result, Ag is widely used, and it is 
employed here as well. For parameterization of the opti-
cal properties of Ag, Lorentz–Drude model is used which 
expresses its permittivity in terms of frequency by the fol-
lowing relation [42]:

The symbols have their meanings such as Ag’s die-
lectric constant ϵ

∞
(= 3.7) for infinite frequency, mass 

plasma frequency ω
p
(= 9.1ev) of loose moving electrons, 

γ(= 0.018ev) is the frequency that arises due to electrons 
collision, and ω is the angular frequency of fed light in 
vaccum.

The incident wave is partially reflected and partly cou-
pled to the cavity resonator before being sent out of the 
output port. Only when the requirement of co-phased is 
met can a stable standing wave be built within the H-cavity 
[40]. The phase-matching condition is given by the fol-
lowing relation:

where m is the integer which indicates the mode number and 
Δ� is the accumulative phase shift of SPP wave. At a certain 
wavelength of the signal, maximum interaction between EM 
wave and material filled in the cavity occurs, which indicates 
the resonance condition. At this condition, the minimum 
power transmission takes place which can be viewed from 

(4)�m = �
∞
−

�2

p

�(� + i�)

(5)Δ� = 2�m(m = 1, 2, 3…… .)

the output port. The resonant wavelength ( λ
res

 ) is expressed 
as [49]:

where L is the cavity effective length, neff  is the real com-
ponent of the material media's resultant RI, and �ref  is the 
phase swift due to reflections of SPPs in the interface of 
cavity-metal.

Simulations and Outcomes

We modeled and simulated the proposed layout using the 
platform of COMSOL Multiphysics software. 3-D FEM 
simulations are executed for numerical analysis. To soak up 
the energy of the escaping electromagnetic field, the model 
was designed by combining the properties of an RF module 
embedded in the electromagnetic (rfw) segment with scat-
tering boundary conditions on all simulation range frontiers. 
Among the three TM mode components ( E

x
,E

y
, and H

z
 ), 

only the electric field components in the y-direction ( E
y
 ) 

linked with the SPP fundamental mode is considered. The 
electric field patterns (in the y-direction) are depicted in the 
middle of the dielectric’s core. At both the input and output 
ports, the boundary integration approach is used to deter-
mine the input and output powers. The transmittance is then 
calculated by taking the ratio of these two powers as defined 

(6)�res =
2Lneff

n −
�ref

�

Fig. 2  Electric filed intensity pattern a for material having RI = 1.8 at wavelength = 1180  nm and b for material having RI = 1.85 at wave-
length = 1180 nm
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by the relation T =
P
out∕

P
in

 , where Pout is the output power 
and Pin is the input power.

To verify the resonance and its shifting, the electric field 
patterns are plotted as shown in Fig. 2. Accordingly, all the 
light intensity has accumulated in the horizontal middle arm 
of the H–cavity at the �res (1180 nm) (Fig. 2a) when the 
medium under the cavity is having an RI of 1.8. However, 
when the material having RI of 1.85 is placed in the cav-
ity, the different electric field pattern as shown in Fig. 2b is 
observed at the same wavelength of 1180 nm. At this condi-
tion, the electric field pattern is maximally confined within 
the main WG. This clearly shows that there are different 
resonance wavelengths for different materials. As a result, 
at resonance, the maximum power of the SPPs propagating 
in the WG is linked with an H-shape resonator. In contrast, 
only a tiny portion of the SPPs energy is coupled to the 
cavity resonator, whereas the majority of the energy that 
is not coupled to the resonator goes straight to the exit port 
under non-resonance conditions. The electric field patterns 
exhibit a standing wave profile both inside the cavity and 
waveguide in either of the conditions, i.e., at resonance and 
non-resonance.

The �res shifts can also be best explained with the help of 
the transmission curve. Once the materials are filled in the 
cavity, in turn, the light-matter interaction takes place result-
ing in the resonant condition as defined by Eq. (6). The reso-
nant wavelengths observed are as follows: �res1 = 1045nm 

and �res2 = 1338nm when a material having RI = 1.8 is 
placed in the cavity for dip 1 and dip 2, respectively. For 
material having the RI = 1.85, the resonant wavelengths are 
as follows: �res1 = 1073nm and �res2 = 1377nm for dip 1 and 
dip 2, respectively. From these two resonant wavelength val-
ues, the change in resonant wavelength can be calculated as 
Δ�res1 and Δ�res2 for change in Δn = 0.05 . Shortly, upon the 
change of RI in the environment by some value Δn , the reso-
nance undergoes a wavelength shift Δ� . This is the principle 
of plasmonic sensing. A similar phenomenon is observed for 
the presented device to act like an RI sensor. The diagram-
matic demonstration is as shown in Fig. 3.

Apart from the RI values, the �res depends upon the struc-
tural parameters. At some particular values of these param-
eters, the performance of the sensor could attain its optimum 
state. The parameter optimization is done as described in 
the next section.

Device Optimization

The transmittance profile of the presented MIM waveguid-
ing structure is illustrated in Fig. 4a, b when the essential 
architectural requirements h,w, l1, l2,w1, and w2 are fit-
ted to be 160 nm, 50 nm, 330 nm, 165 nm, 30 nm, and 
30 nm, respectively, for RI ranges between 1.8 and 1.95 
and between 2.1 and 2.3 with a step size (Δn ) of 0.05. 
These figures clearly show two distinct modes designated 

Fig. 3  Transmittance curve 
showing the resonance shift
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as mode 1 and mode 2 having two distinct resonance dips 
occurs at λ

res
=1085.77 nm and 1312.99 nm at RI = 1.8, 

respectively. Furthermore, two resonant dips occur for 
RI = 2.1 at λ

res
 = 1261.44 nm and 1555.55 nm, respec-

tively. The distinct modes are generated due to the sil-
ver nanowall formation at the top of WG between the two 
legs and below the mid-arm of the H-shape cavity [50]. 
As the fed EM wave travels across the core of WG, the 
energy of the wave couples with the proposed cavity, the 
transmittance dips are generated as a result of coupling 
SPP with two modes such as surface plasma resonance 
mode and cavity plasmon resonance mode, and finally, 
some transmittance peaks reach to a low energy level when 
the resonant condition is satisfied [49]. The depth of these 
peaks is determined by the various resonant circumstances 
that originated in the H-shape resonator. By changing the 
cavity parameters, different resonant conditions have been 

generated. First, keeping all other parameters constant, the 
w2 is varied from 30 to 60 nm with steps of 10 nm. In this 
condition, the resonant dips have shown redshift as the RI 
is incremented from 1.8 to 1.95 and from 2.1 to 2.3 with a 
Δn of 0.05 as depicted in Fig. 4a–d. Similarly, the resonant 
dips have shown the red-shift as l1 is raised from 330 to 
360 nm with an increment size of 10 nm.

Depending upon the spectral features of the layout, we 
can use the proposed design for RI detecting applications. 
Cavity resonators are generally quick to detect the ambient 
RI, and as RI increases, their resonant peaks move towards 
the longer wavelength. The sensitivity is one of the most 
essential factors used to evaluate the sensing execution. The 
sensitivity (S) of the RI sensor is defined as the proportion 
of the alteration in the �res to the variation in the RI, as given 
by the succeeding expression [22].

Fig. 4  Transmittance spectra for varying RIs when w2=30 nm (a, b) and w2=50 nm (c, d)
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The figure of merit (FoM) and quality factor (Q-factor) 
are two more essential parameters to consider when evaluat-
ing a sensor’s performance. The FoM is calculated using the 
formula below [51].

where full-width at half maximum (FWHM) has a band-
width, which indicates the size of the device. The higher the 
size of the device, the higher will be the FWHM and results 
in the lowering of FoM [51]. The Q-factor is mathematically 
related to λ

res
 and FWHM and is expressed as:

(7)S =
Δλ

res

Δn

(8)FoM =
S

FWHM Bandwidth

(9)Q =
FWHM

λ
res

The FWHM is calculated from the transmission curve as 
shown in Fig. 5.

The optical characteristics of the proposed design were 
analyzed based on spectral responses. The spectral char-
acteristic was monitored after stuffing the cavity with 
several RIs. The intensities are observed from the out-
put port, then they are normalized within the wavelength 
range of 1000–2000 nm at n = 1.8–1.95 and n = 2.1–2.3 
with Δn = 0.05 . Here, we have observed the influence of 
w2 on the resonance wavelength shift that is needed to 
enhance the performance of the sensor in terms of sen-
sitivity. The resonant wavelengths at the corresponding 
RIs are noted and summarized in Tables 2, 3, 4, 5, 6, 7, 
and 8. The respective sensitivities are calculated based 
on Eq. (7) and summarized on these tables. Tables 2 and 
3 summarize the sensitivities of the design for mode 1 
having two bands of RIs (the first band is RI = 1.8–1.95 
and the second band is RI = 2.1–2.3) with Δn = 0.05 in 

Fig. 5  Spectrum of the trans-
mittance of the structure to 
illustrate the FWHM

Table 2  RI sensitivities of the 
presented design for material 
media (n = 1.8 through n = 1.95 
with the step size of ∆n = 0.05) 
versus different w2 (mode 1)

Mode 1

w2

(nm)

λres (nm) S
(nm/RIU)

�
res
(nm) S

(nm/RIU)
�
res
(nm) S

(nm/RIU)
n = 1.8 n = 1.85 n = 1.85 n = 1.9 n = 1.9 n = 1.95

30 1085.77 1113.61 556.77 1113.61 1142.85 584.76 1142.85 1173.48 612.75
40 1042.53 1071.77 584.76 1071.77 1101.01 584.76 1101.01 1131.65 612.75
50 1012.97 1039.56 531.76 1039.56 1065.99 528.65 1065.99 1096.62 612.62
60 1030.87 1056.37 509.89
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either band in the case of w2 which ranges between 30 and 
60 nm at the interval size of 10 nm. The �res = 1142.85 nm 
obtained at n = 1.9 which shifted to 1173.49  nm for 
Δn = 0.05 when w2 = 30nm . The noted sensitivity, in this 
case, was 612.75 nm/RIU, which is the maximum sensitiv-
ity observed in mode 1(RI = 1.8–195). Similarly, Table 2 
shows mode 1 with w2 = 40nm . The �res = 1244.65nm 
was achieved at n = 2.15 which shifted to 1278.23 nm for 
Δn = 0.05 . With this shifting, the maximum sensitivity of 
672.67 nm/RIU was observed.

Tables 4 and 5 summarize the resonant dips and the 
respective sensitivity obtained for mode 2 for the RI bands: 
RI = 1.8–1.95 and RI = 2.1–2.3 with a variation of w2 from 
30 to 60 nm. For the first band of RI, the maximum sensi-
tivity obtained was 839.63 nm/RIU for w2 = 50nm where 
the �res = 1388.0 at n = 1.9 shifts to 1428.59 with ∆n = 0.05 
(Table 3). Similarly, for the second band of RI, the maximum 
sensitivity obtained was 863.26 nm/RIU for w2 = 30 − 50nm 
each for shifting of n = 2.25–2.3.

Now, the vertical length ( l1 ) is varied from 330 to 360 nm 
by keeping w2 = 50nm , where the maximum sensitivity has 
been observed as discussed before. All other parameters 
are kept constant. Table 5 summarizes the resonant wave-
lengths for two modes with n = 1.8 and n = 1.85. At mode 
1, the maximum sensitivity observed was 623.87 nm/RIU 
when the resonant shift occurred from �res = 1103.96nm at 
n = 1.8 to 1135.15 nm with ∆n = 0.05. Similarly, at mode 
2, the maximum sensitivity observed was 954.45 nm/RIU 
when the resonant shift occurred from �res = 1395.62nm at 
n = 1.8 to 1443.34 nm with ∆n = 0.05. For both modes to 
achieve the maximum sensitivity, the l1 is 360 nm.

The resonant wavelengths and accompanying sensitivities 
for the following band of RI, i.e., 2.1 to 2.3, are summarized 
in Tables 7 and 8, where Table 7 is used for mode 1 and 
Table 8 is used for mode 2. Now, l1 is adjusted while w2 = 
50 nm is maintained, and the cavity is filled with sensing 
materials with RI ranging from 2.1 to 2.3 in 0.05 step sizes. 
When the resonant wavelength shifting is from 1309.5 nm 
at n = 2.15 to 1343.10 nm at n = 2.2, the greatest sensitiv-
ity reached is 671.85 nm/RIU. The supreme sensitivity of 
1007.78 nm/RIU was achieved for l1=350 nm and w2=50 nm 

in mode 2, where the �res=1742.21 was obtained at n = 2.25 
and swifts at 1792.60 nm for ∆n = 0.05.

Furthermore, l2 is varied from 150 to 165 nm with the 
step size of 5 nm keeping l1 = 350 nm and w2 = 50nm . 
Although resonant shifts were recorded, the sensitivity 
could not exceed 960 nm/RIU. The summary of the three 
important parameters, sensitivity, FoM, and Q-factor for the 
optimized design ( l1 = 350 nm, w2 = 50nm, and l2 = 150 
nm) is depicted in Table 9.

The resonant dips are mainly dependent on four factors, 
as shown in the spectral graphs and the summary of the 
above-depicted tables: vertical length of the H-shape cav-
ity, l1 ; the horizontal length of the H-shape cavity, l2 ; the 
width of the middle arm of the cavity, w2 ; and RIs of the 
sensing substances. The locations of transmittance peaks 
show a straight relationship with all these aforementioned 
factors as can be seen from Fig. 6a-d. Since there is a cor-
relation between resonant dip and effective refractive index 
as given by Eq. (6), i.e., there is a directly proportional asso-
ciation between them, the assessed transmittance scales of 
the two distinct modes show a redshift with the increment 
of RI (Fig. 6c, d). Moreover, there is a directly proportional 
association between the effective length of the resonator and 
the wavelength corresponding to resonance as defined by 
Eq. (6). The same linear but direct proportional relationship 
between the resonance wavelength and l1 is observed with 
this design as shown in Fig. 6a. This demonstrates the fact 
that the effective length of the cavity gets increased due to 
the increment of the vertical length of the cavity. As illus-
trated in Fig. 6b, there appears to be an indirect proportional 
link between the resonant wavelength and w2 . This would 
be because of the shortening in the effective length of the 
resonator.

Figure 7a, b depicts the relationship between FWHM and 
vertical length and the width of the cavity’s mid-arm. The 
graphs depict incremental relationships with both parame-
ters; however, the relationships lack linearity. As the cavity’s 
size grows, so does the number of ions and electrons, result-
ing in higher collision rates. The plasmon damping is auto-
matically increased as collision rates increase. The FWHM 
increases as the plasmon damping increases. The non-linear 

Table 3  RI sensitivities of the presented design for material media (n = 2.1 through n = 2.3 with the step size of ∆n = 0.05) versus different w2 
(mode 1)

Mode 1

w2

(nm)

�
res
(nm) S

(nm/RIU)
�
res
(nm) S

(nm/RIU)
�
res
(nm) S

(nm/RIU)
�
res
(nm) S

(nm/RIU)n = 2.1 n = 2.15 n = 2.15 n = 2.2 n = 2.2 n = 2.25 n = 2.25 n = 2.3
30 1261.44 1294.76 666.37 1294.76 1323.55 575.74 1323.55 1354.73 623.72 1354.73 1388.05 666.37
40 1215.86 1244.65 575.77 1244.65 1278.23 671.67 1278.23 1306.75 570.41 1306.75 1335.54 575.74
50 1177.74 1206.53 575.74 1206.53 1232.65 522.43 1232.65 1263.84 623.72 1263.84 1294.76 618.39
60 1139.36 1165.75 527.77 1165.75 1192.14 527.77 1192.14 1218.26 522.43 1218.26 1247.05 575.74
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relationship suggests that the proposed cavity structure has 
a reduced number of hardness and density of point defects. 
The FWHM value provides significant information about the 
material’s surface state. This demonstrates that the FWHM 
is extremely sensitive to nanostructure variation.

Discussion

Plasmonic devices have a simpler construction and smaller 
size, which is an interesting feature for their integration 
along with other nano-size devices at the chip level. Since 
the proposed device in this paper has compactness in size 
and simplicity in architecture, it can be easily fabricated. We 
believe that manufacturing can be done with greater flexibil-
ity. The steps for the fabrication process are Au layer deposi-
tion, spin coating, E – beam writing, developing, chemical 
etching, and resist removal [52]. Furthermore, the device’s 
construction is contingent on the device’s robustness being 
estimated. The robustness of a device refers to its tolerance 
for manufacturing flaws. The geometrical parameters, the 
parallelism of the cavity walls (the cavity walls are parallel), 
and the roughness of the cavity wall are all fabrication faults. 
These defects can be quantified as FWHM. The natures of 
FWHM plots as against the cavity length and width show the 
device is tolerant to fabrication defects. FWHM is seen thin-
ner, which indicates the better signal-to-noise ratio we can 
achieve from the device. The smaller the SNR, the higher the 
sensitivity of the device. Therefore, this device can be used 
for sensing different liquids and chemicals whose RIs stand 
between 1.8–1.95 and 2.1–2.3. Among the two bands of RIs, 
the change in the liquid crystal lies in the first band, i.e., 
n = 1.8 to 1.95. As a result, this instrument detects changes 
in liquid crystals. Some birefringent nematic liquid crystals 
like phenyldi-iodoarsine (n = 1.85) [53, 54] can be sensed. 
Moreover, the fillers used in painting purposes whose RI 
ranges from 1.8 to 1.9 can also be sensed. For instance, alu-
minum oxide, antimony pentoxide, calcium carbonate arago-
nite, magnesium oxide with n ~ 1.7 to 1.74 and gadolinium 
oxide (n = 1.8), zinc stannate (n = 1.9), and aluminum nitride 
(n = 1.9) [55] are the important fillers that are often used in 
making the color mixture for painting. At the optimal con-
dition, it has a maximum sensitivity of 1007.78 nm/RIU. 
This figure is acceptable as compared to previously reported 
SPPs’ waveguide sensors as shown in Table 10.

Apart from sensitivity, the proposed sensor is com-
pared to the reported works in Table 11 based on FoM and 
Q-factor since these characteristics ensure unique sensing 
performances.

From Table 11, the results achieved are acceptable as 
compared to other works. Q-factor is seen higher for Si-
based hybrid designs and composite structures [65]. The 
Q-factor is directly related to the loss of the device. The Ta
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higher the Q-factor, the lower will be the loss in the device 
and vice versa. Therefore, the value of the Q-factor with this 
design ensures comparatively lower device losses. Although 
the previously described designs have greater FoM values, 
their structures are more complex due to their composite 
character. Since FoM takes into account the impact of peak 

width on sensing performance, this design offers compara-
tively wider peaks. One of the major advantages of the pro-
posed sensor is that there is a proper compromise between 
sensitivity values and other parameters.

From the simulation results, it is seen that the neces-
sary conditions required for sensing applications have been 

Table 5  RI sensitivities of the presented design for material media (n = 2.1 through n = 2.3 with the step size of ∆n = 0.05) versus different w2 
(mode 2)

Mode 2

w2

(nm)

�
res
(nm) S

(nm/RIU)
�
res
(nm) S

(nm/RIU)
�
res
(nm) S

(nm/RIU)
�
res
(nm) S

(nm/RIU)n = 2.1 n = 2.15 n = 2.15 n = 2.2 n = 2.2 n = 2.25 n = 2.25 n = 2.3
30 1555.44 1593.56 762.33 1593.56 1634.34 815.64 1634.34 1674.86 810.31 1674.86 1718.04 863.62
40 1548.25 1586.36 762.33 1586.36 1627.14 815.64 1627.14 1665.26 762.33 1665.26 1708.44 863.62
50 1555.06 1588.76 673.92 1588.76 1629.54 815.64 1629.54 1667.66 762.33 1667.66 1710.84 863.62
60 1543.45 1586.36 858.29 1586.36 1624.74 767.66 1624.74 1665.26 810.31 1665.26 1706.04 815.64

Table 6  Two peaks of the 
presented design for material 
media (n = 1.8 and n = 1.85) 
and their RI sensitivities vs 
distinct l1

Mode 1 Mode 2

l1

(nm)
�
res
(nm) S

(nm/RIU)
�
res
(nm) S

(nm/RIU)
n = 1.8 n = 1.85 n = 1.8 n = 1.85

330 1012.97 1039.56 531.76 1314.15 1350.38 724.57
340 1039.43 1070.36 618.52 1335.90 1374.02 752.5
350 1072.76 1101.56 575.9 1369.22 1407.62 767.83
360 1103.96 1135.15 623.87 1395.62 1443.34 954.45

Table 7  Mode 1 and its RI sensitivities of the presented design for material media (n = 2.1 through n = 2.3) versus different l1

Mode 1

l1

(nm)
�
res
(nm) S

(nm/RIU)
�
res
(nm) S

(nm/RIU)
�
res
(nm) S

(nm/RIU)
�
res

(nm)

S
(nm/RIU)

n = 2.1 n = 2.15 n = 2.15 n = 2.2 n = 2.2 n = 2.25 n = 2.25 n = 2.3
330 1177.74 1206 575.74 1206 1232.65 522.43 1232.65 1263.84 623.72 1263.84 1294.76 618.39
340 1211.40 1237.80 527.88 1237.80 1268.99 623.86 1268.99 1299.91 618.53 1299.91 1428.70 575.87
350 1247.39 1276.18 575.88 1276.18 1307.11 618.53 1307.11 1335.90 575.88 1335.90 1369.23 666.52
360 1278.59 1309.5 618.53 1309.5 1343.10 671.85 1343.10 1374.02 618.53 1374.02 1405.22 623.87

Table 8  Mode 2 and its RI sensitivities of presented design for material media (n = 2.1 through n = 2.3) versus different l1

Mode 2

l1

(nm)
λ
res
(nm) S

(nm/RIU)
λ
res
(nm) S

(nm/RIU)
λ
res
(nm) S

(nm/RIU)
λ
res

(nm)

S
(nm/RIU)

n = 2.1 n = 2.15 n = 2.15 n = 2.2 n = 2.2 n = 2.25 n = 2.25 n = 2.3
330 1555.06 1588.76 673.92 1588.76 1629.54 815.64 1629.54 1667.66 762.33 1667.66 1710.84 863.6
340 1579.59 1617.98 767.82 1617.98 1658.50 810.49 1658.50 1701.69 863.80 1701.69 1747.01 906.47
350 1615.58 1658.50 858.48 1658.50 1699.29 815.82 1699.29 1742.21 858.48 1742.21 1792.60 1007.78
360 1651.30 1694.50 863.80 1694.50 1739.81 906.47 1739.81 1785.40 911.80 1785.40 1830.73 906.47
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achieved. One of the prominent and foremost conditions that 
the proposed device exhibit is — it has a powerful redshift 
in the resonant dips for the small change of RI. The same 
feature is a foundation for nano-scale sensing applications 

[22, 23, 46]. Furthermore, because SPPs have their maximal 
electric field energy contained within the cavity resonator, 
they are more sensitive to changes in material media or opti-
cal RIs [52].

Table 9  Summary of three 
parameters of the proposed RI 
sensor

Mode 1 Mode 2

RI S
(nm/RIU)

FWHM
(nm)

FoM Q-factor S
(nm/RIU)

FWHM
(nm)

FoM Q-factor

2.1
2.15 575.88 24 24 52 858.48 43 20 38
2.2 618.53 21 29 60 815.52 50 16.3 34
2.25 575.88 24 24 54 858.48 60 14.3 28.3
2.3 666.52 24 27 55 1007.78 43 23 40.5

Fig. 6  Plots a resonant wavelength versus l1 , b resonant wavelength versus w2 , c resonant wavelength versus RI for n = 1.8 to n = 1.95, and d 
resonant wavelength versus RI for n = 2.1 to n = 2.3 (for two modes)
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Concluding Remarks

A nano-sized, metal-dielectric-metal structure-based sen-
sitive refractive index sensor with 180nm × 400nm size is 
modeled and scrutinized by the finite element method. The 

device design consists of an H-shaped cavity linked with 
the main waveguide. Device parameters like the width, 
length of mid-arm, vertical length of the cavity, etc., and 
material media inside the cavity are varied for optimizing 
the device performance. At optimized conditions, maximal 
sensitivity of 1007.78 nm/RIU is found which is remark-
able for plasmonic sensors having a single structure that 
is coupled to the main waveguide. The proposed device’s 
figure of merit and quality factor are also investigated. 
The proposed design is thought to be simple, compact, 
and robust towards the fabrication defects, allowing it to 
be used for sensing applications (or to measure refractive 
index changes), and it can undoubtedly be incorporated at 
the chip level as an on-chip optical nanosensor.
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Fig. 7  Plots a Full-wave at half maximum versus l1 b Full-wave at half maximum versus w2

Table 10  Differentiation 
of several recently reported 
plasmonics sensors from our 
work in terms of sensitivity

Reference Sensitivity 
(nm/RIU)

[56] 494
[57] 595
[58] 671
[59] 718
[60] 800
[61] 1000
Our work 1007.78
[27] 1125
[62] 1303

Table 11  Comparison of our 
results with the previously 
reported works based on FoM 
and Q-factor

References FoM Q-factor

[42] 25 31.5
[44] 211.3 –
[51] 287.9 –
[63] 36 42.28
[64] 203.8 –
[65] 133 `132.8
[66] 19.5 –
Our work 29 60
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