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In this work, we proposed a highly sensitive design of a plasmonic sensor which is formed by embedding a periodic array of nanoblocks in L-shaped cavity formed by the metal–insulator–metal
waveguide. The nanoblocks are placed in the strong electric field confinement region to further
enhance its strength by confining it to a small area. To validate the study, the spectral characteristics
of the proposed sensor design is compared to the spectral characteristics of a standard design having
the same geometric parameters excluding nanoblocks in the cavity. The study shows that the incorporation of 5 nanoblocks of length 25 nm in the cavity can provide best performance indicators
in the form of sensitivity, figure of merit and Q-factor. The sensitivity, figure of merit and Q-factor
of the proposed sensor design is 1065 nm/RIU, 251.17 and 343.4 which is significantly higher than
the standard L-shape resonator design. The sensor design can be developed with a single fabrication
step. Due to the ease of fabrication and the highly responsive nature of the design, it can be used
in biomedical applications.
Keywords: plasmonic sensor, refractive index sensor, metal–insulator–metal waveguide, L-shaped cavity,
finite element method.

1. Introduction
Surface plasmon polaritons (SPPs) are a kind of a charge density waves that propagate
along with the metal–insulator interface and have been extensively researched due to
their ability to confine the light in the subwavelength region in addition to overcoming
the diffraction limit [1, 2]. Several plasmonic devices have been proposed in recent
times for instance lasers [3], filters [4], sensors [5, 6], splitters [7, 8], among others.
Due to extraordinary spectral characteristics and miniaturized footprint, plasmonic
sensors have gathered extra consideration compared to traditional optical sensors based
on silicon platforms or optical fibre sensors [9]. The sensitivity offered by a plasmonic
sensors is several orders of magnitude higher than conventional sensors and their small
size allows an easy integration of devices with the bulk.
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Metal–insulator–metal (MIM) waveguide scheme is one of the most widely used
plasmonic-based nanostructures for the comprehension of integrated optical circuits.
The waveguide structure is formed by enclosing an insulator (can be air, n = 1.0) between two metal claddings [10]. The straightforward design and proficiency of these
waveguides to confine light at the subwavelength level are the key attributes of this waveguide system. In the last decade, several plasmonic sensors such as gas sensor [11],
temperature sensor [12], refractive index sensor [13] have been proposed based on this
waveguide scheme which exhibits exceptional performance.
High sensitivity (S ) and figure of merit (FOM) are required to guarantee the outstanding performance of the sensor with high optical resolution. There has been a great
deal of effort to improve S on MIM plasmonic sensors, but longer wavelength always
possesses a broader full width at half maximum (FWHM), which results in lower FOM.
Fano resonance can be one of the possible solutions which arise due to the interference
between a discrete quantum state and continuum band of states resulting in an asymmetric spectral line shape with narrower FWHM. This significantly improves the FOM.
However, such resonance is unstable and can be simply broken due to a mismatch in
phase or mode that could be caused by localized structural degradation or alteration
in a localized refractive index.
Several novel MIM plasmonic sensor designs have been recently proposed for refractive index sensing applications, for instance: a double-square cavity refractive index sensor has been suggested for the simultaneous detection of human blood group
offering the sensitivity and FOM of 1380 nm/RIU and 104, respectively [14]. LI et al.
proposed a tunable plasmonically induced reflection in HRR-coupled MIM waveguide
structure which offers the sensitivity of 753 nm/RIU [15]. A notched ring resonator is
designed by YAN et al. which provides the sensitivity and FOM of 1071.4 nm/RIU and
14.29, respectively [16].
Nevertheless, in our previous works [17–21], we presented several novel plasmonic
sensor designs based on MIM waveguide. Those designs are highly sensitive but the
FOM and Q-factor were quite moderate. In this work, we proposed a highly sensitive
refractive index sensor design with a high FOM and Q-factor that is easy to manufacture in a few single fabrication steps and can be utilized in biochemical applications.
The study is carried out via a commercial finite element (FEM) simulation tool
(COMSOL Multiphysics 5.1). In COMSOL simulations, the entire sensor design is divided into triangular mesh element with λ /10 grid size, which provides the precise simulation results within the available computational resources. A computational domain
with open boundaries is modelled that allows the electromagnetic wave to pass without
reflection. To approximate an open geometry, scattering boundary conditions (SBC)
are used at the outer edges of the FEM simulation window.

2. Standard L-shaped cavity sensor design
In this section, we proposed a plasmonic sensor design based on MIM waveguide.
The design configuration is composed of an L-shaped cavity side coupled to a MIM bus
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Fig. 1. Schematic of a standard MIM resonator design. Inset shows the E-field distribution at the input of
the MIM waveguide (a). E-field distribution in the cavity at resonance wavelength (b). The relationship
between the height of the MIM waveguide and effective refractive index of the SPPs (c).

waveguide. The width of the bus waveguide is denoted as W. The side lengths of the
cavity are represented as l and l1 which are equal in both vertical and horizontal direction. The width of the cavity and the gap between the bus waveguide and cavity is labelled as c and g, respectively. The W and c are fixed at 100 and 50 nm throughout the
paper. The schematic of the sensor design is shown in Fig. 1a.
The metal and dielectric material are selected as gold (Au) and air, respectively.
Au is preferred as the metal layer due to its biocompatibility and resistance to oxidation
compared to silver. The refractive index of Au is calculated from the Drude–Lorentz
model [22]:
ω 2p
ε = ε  – ---------------------------ω 2 + jω γ
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where ε∞ = 9.0685, ωp = 135.44 × 1014 rad/s and γ = 1.15 × 1014 rad/s. The MIM bus
waveguide is excited by a TM polarized plane wave. As W << λincident, therefore, merely
TM fundamental mode can exist. The dispersion relation of the fundamental mode can
be written as:
εd p
1 – exp  kW 
------------= -------------------------------------1 + exp  kW 
εm k
2

k = ko

 β SPP 
 --------------- – ε d
 ko 

p = ko

 β SPP 
 --------------- – ε m
 ko 

2

2π
β SPP = n eff k o = n eff ----------λ
Here W is the width of the bus waveguide and λ is the wavelength of the incident
light in vacuum, εm and εd are the relative permittivity of metal and dielectric, βSPP and
neff are the propagation constant and effective index of SPPs, and ko = 2π /λ is the wave
number. A polychromatic light source, a halogen lamp or a superluminescent diode
(SLED) can be used covering the entire spectrum in which λres is supposed to occur. Halogen lamp technology is an ideal candidate due to its broad light spectrum. The E-field
distribution in the L-shaped cavity at λres is shown in Fig. 1b. The inset of the figure
shows the areas in the cavity where the E-field is highly concentrated.
The majority of the previous studies conducted on plasmonic sensors have utilized
2D numerical simulations, which treat one dimension as infinity. This facilitates the
analysis of the sensor performance with much shorter computational time and lower
loss [23], and this is done in this work. However, the height of the MIM waveguide
has an important effect on the loss of the system, which has to be taken into consideration for practical processing. Figure 1c shows the relationship between the neff and
the height of the MIM waveguide which is simulated for 850 nm wavelength. The gap
between the metal rails is 50 nm which is just air. As the height of the waveguide increases, the modal power at the metal interface decreases which results in the gradual
decay of the real and imaginary part of the neff . The reduction in Im(neff ) signifies that
the system has low loss which can result in the realization of the waveguides with
longer propagation length. The neff stabilizes when the height of waveguide is greater
than ~50 nm which shows that the height of the waveguide does not affect the neff after
a certain value. The neff obtained in 3D simulation agrees with the solution obtained
via 2D simulation. Even if the height of the waveguide approaches infinity, the neff
stays the same which is the case of a 2D simulation.
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Fig. 2. Resonance wavelength dependence on the geometric parameters of the sensor design. (a) Side
length l, (b) gap g between the bus waveguide and the sensor cavity.

Here, the effect of sidelength (l and l1) on the resonance wavelength (λres) is studied
by maintaining the g and c at 50 nm. Three different combinations of l and l1 are studied:
l1 > l, l1 < l and l = l1. In all three combinations, the λres performs a redshift with either
an increase in l or l1. Here l = l1 case is discussed where l is varied between 300 and
350 nm. With an increase in l, the λres shows a large redshift. After the fabrication process, the sensor should be carefully calibrated to trace the λres because ±50 nm of fabrication inaccuracy can bring a λres shift of ~120 nm as can be seen in Fig. 2a. Inset of
the figure shows a sharp Lorentzian dip at λres = 820 nm when l = 300 nm. The full
width at half maximum (FWHM) of the dip is ~4.29 nm. In Fig. 2b, the relationship
between λres and g is presented, which shows the weak control of g on λres. The calculation shows the flexibility of selecting the distance between the cavity and the bus
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waveguide because Δg = 50 nm can only bring a Δλres = 3.5 nm. Therefore, the parameter g has a high fabrication inaccuracy tolerance.
The fabrication of the proposed sensor design is straightforward and can be achieved
in a few simple steps. First of all, a thin layer of gold is deposited on a silica substrate
followed by E-beam lithography patterning of the design. The main advantage of E-beam
lithography is due to its ability to engrave custom patterns with sub-10 nm resolution
which makes it possible to embed nanoblocks (NBs) of 10–25 nm in the cavity.
MIM waveguides are obtained by removing the unwanted parts of the metal layer from
the design with the help of chemical etching. One possible method is the use of diluted
nitric acid and water which offers high etch selectivity.

3. Nanoblocks embedded in L-shaped cavity sensor design
In this section, we improved the sensing performance of the device by the amplification
of SPPs in the resonator cavity. This modification is carried out by placing an array of
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Fig. 3. Schematic of NBs embedded MIM resonator design. Inset shows the array of NBs separated by
a distance d (a). 3D profile of SPP confined in the cavity at λres = 1008 nm (b). E-field distribution in the
cavity embedded with NBs at resonance wavelength length a = 20 nm (c), and a = 25 nm (d).
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nanoblocks (NBs) in the cavity where a high concentration of electric field is present
as labelled in the inset of Fig. 1b. The NBs are separated by a distance d which is equal
to the side length of the NB. The side length of NB is denoted by a and b and NB is
in the form of a square. Therefore, we are considering a = b. The schematic of the proposed sensor design is shown in Fig. 3a. We selected 5 NBs of different sizes (5–25 nm)
arranged on both sides of the L-shaped cavity as illustrated in the inset of Fig. 3a.
The electric field distribution is plotted when 5 NBs of a = 20 nm and a = 25 nm are
positioned on both sides of the cavity as shown in Figs. 3c and 3d, respectively. The colour bar in the figure shows the strength of the electric field which is about twice the
value obtained in standard design (see Fig. 1b).

4. Sensor performance
In this section, we have discussed three important factors such as sensitivity (S ), the
figure of merit (FOM) and quality factor (Q-factor) which is used to estimate the performance of the plasmonic sensor. Prior to this, the neff of the standard cavity and NBs loaded
cavity is plotted over a wavelength region of 800 to 1100 nm which is the operational
wavelength range of our sensor. The neff of the NBs loaded cavity design is more than
twice times higher than the standard design which shows the presence of higher modal
power in the cavity. This is what we have observed in the colour bar of Fig. 3. When the
medium refractive index is changed from 1.0 to 1.3, a large Δneff =0.919 of NBs loaded
cavity takes place compared to standard cavity design which is only 0.5225 as shown
in Fig. 4a. This signifies the susceptibility of both the sensor designs.
The ring resonators are receptive to the medium and their λres shows a redshift in
the case of a slight change in the ambient refractive index. The ideal and highly responsive sensors should have a large redshift in λres to the small change in the refractive
index of the medium. The performance of the plasmonic sensor is measured in terms
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Fig. 4. The neff of the sensor designs at ambient refractive index, n = 1.0 and n = 1.3 (a), S (b), and FOM
and Q-factor (c).

116

M.A. BUTT, N.L. KAZANSKIY

1100
NB loaded design, a = b = 25 nm

b

1050
NB loaded design, a = b = 20 nm

S [nm/RIU]

1000
950

NB loaded design, a = b = 15 nm
900
NB loaded design, a = b = 10 nm

850

Standard design

800
1.30

1.31

1.32

1.33

1.34

1.35

RIU
350

c

FOM
Q-factor

300

Value

250
200
150
100
a = 10 nm a = 15 nm a = 20 nm a = 25 nm

50
0
Stan

da rd

NB lo

a d ed

NB lo

a de d

NB lo

a d ed

NB lo

ad e d

Design

Fig. 4. Continued.

of its ability to detect changes in the refractive index [24–26]. This is evaluated as the
bulk refractive index sensitivity S and calculated by using the following expression:
S = Δ λ /Δn
where Δ λ is the change in the λres and Δ n the change in ambient refractive index.
The transmission spectrum of the resonator is calculated by filling the medium with
refractive index of 1.3, 1.31, 1.32, 1.33, 1.34, and 1.35 which is equivalent to the refractive index of several intra- and extracellular fluids. The spectral characteristics are
studied for the sensor design with geometric parameters such as the side length l, gap g,
cavity width c and width of bus waveguide W fixed at 300, 50, 50 and 100 nm, respectively. The size (a = b) of NBs is varied from 10 to 25 nm in NBs loaded cavity design.
The S of the standard and NBs loaded design is shown in Fig. 4b. The standard L-shaped
cavity design exhibits an S of 791.67 nm/RIU which linearly enhances as NBs are
placed in the cavity. The highest S of 1065 nm/RIU is obtained when the L-shaped cav-
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T a b l e. Sensitivity S and FOM comparison with previously reported values.
References
[21] (our previous work)
[20] (our previous work)
[19] (our previous work)
[18] (our previous work)
[24] (other related work)
[25] (other related work)
[26] (other related work)
[27] (other related work)
This work – standard design
This work – NBs embedded, a = 10 nm
This work – NBs embedded, a = 15 nm
This work – NBs embedded, a = 20 nm
This work – NBs embedded, a = 25 nm

S [nm/RIU]
1320
1240
1680
793.3
685
596
1060
416–986
791.67
847.41
901.66
985.71
1065

FOM or FOM*
16.7
20
48
82.1
–
7.5
176.7
3.2 × 105
184.53
217.28
236.65
250.18
251.17

Q-factor
18.9
20.9
48.4
52.9
19–32
–
145
–
255.71
299.61
327.03
343.4
343.4

iDL
–
–
–
–
–
–
–
–
0.00405
0.00444
0.00423
0.00401
0.00398

ity is loaded with 5 NBs (a = 25 nm) on each side. In our design, we have a limitation
of incorporating a maximum of 5 NBs due to the small size of the cavity. We believe
that the S can be further enhanced by increasing the cavity length, number and size of
the NBs.
The optical resolution of the sensor is a vital parameter which should be considered
while designing the plasmonic sensors, for that reason a high figure of merit (FOM)
is desired. The FWHM of the standard resonator design is 4.29 nm whereas the FWHM
of NBs embedded sensor design is 3.9, 3.81, 3.94 and 4.24 nm for a = 10, 15, 20 and
25 nm, respectively. The narrow FWHM results in a high FOM which is listed in the
Table and compared with the previously reported values. We would like to mention
that in some works [27, 28], the FOM is represented as FOM* which is several times
higher in order than the one obtained in this work and is calculated differently using the
expression ΔR/(RΔn) at a fixed wavelength, where ΔR denotes the reflection intensity
variation due to the change in the refractive index Δn of the surrounding medium and
R is the reflection rate in the sensor structure. It can also be calculated by using the
expression ΔT/(TΔn), where T denotes the transmittance in the proposed structures and
ΔT /Δn is the transmission change at a fixed wavelength induced by a refractive index
change. There are several applications related to optical resonators where a high Q-factor
is desired. These applications include high-performance lasers [29], narrow-bandwidth
filters [30, 31] and high-efficiency nonlinear optic devices [32]. The Q-factor is defined
as λres /FWHM, where λres is the resonance wavelength and FWHM is the full width at
half maximum of the resonance peak. The intrinsic detection limit (iDL) of the proposed
sensor designs is also calculated by utilizing the expression [33]: iDL = λres /S Q which
defines the detection capabilities of Δn in the medium. The highest Q-factor is obtained
for the L-shaped cavity design loaded with 5 NBs of a = 25 nm. The spectral characteristics of the sensor designs discussed in this paper are listed in the Table.
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5. Conclusion
We proposed a highly sensitive design of a nanocavity resonator design based on metal
–insulator–metal waveguide scheme. The cavity is in the form of L-shape which provides strong electric field confinement at resonance wavelength. The geometric parameters such as cavity length strongly manipulate the resonance wavelength of the sensor
whereas the variation in the gap between the bus waveguide and the cavity seems to
have less control over the resonance wavelength. The numerical analysis of the sensor
designs is performed via the finite element method (FEM). To further enhance the performance of the sensor, we placed an array of nanoblocks in the regions of high concentration of electric field distribution in the cavity. This results in the intensification of
the energy in the cavity which elevates the level of light-matter interaction. The proposed sensor design is simple yet provides very high sensitivity, FOM and Q-factor at
the same time. The numerically calculated values of sensitivity, FOM and Q-factor of
791.67 nm/RIU, 184.53 and 255.71 are obtained for the standard resonator design, respectively. However, nanoblocks embedded design offers sensitivity, FOM and Q-factor of 1065 nm/RIU, 251.17 and 343.39, respectively, which is higher than most of the
previously reported works.
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