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Abstract: Modifying the structure of surface plasmon resonance based sensors by adding 2D materials
has been proven to considerably enhance the sensor’s sensitivity in comparison to a traditional three
layer configuration. Moreover, a thin semiconductor film placed on top of the metallic layer and
stacked together with 2D materials enhances even more sensitivity, but at the cost of worsening the
plasmonic couplic strength at resonance (minimum level of reflectivity) and broadening the response.
With each supplementary layer added, the complexity of optimizing the performance increases due
to the extended parameter space of the sensor. This study focused on overcoming these difficulties in
the design process of sensors by employing a multi-objective genetic algorithm (NSGA II) alongside
a transfer matrix method (TMM) and, at the same time, optimizing the sensitivity to full width at
half maximum (FWHM), and the reflectivity level at a resonance for a four layer sensor structure.
Firstly, the thin semiconductor’s refractive index was optimized to obtain the maximum achievable
sensitivity with a narrow FWHM and a reflectivity level at a resonance of almost zero. Secondly, it was
shown that refractive indices of barium titanate (BaTiO3) and silicon (Si) are the closest to the optimal
indices for the silver—graphene/WS2 and MoS2 modified structures, respectively. Sensitivities up to
302 deg/RIU were achieved by Ag–BaTIO3–graphene/WS2 configurations with an FWHM smaller
than 8 deg and a reflectivity level less than 0.5% at resonance.

Keywords: SPR based sensors; NSGA II optimization; sensitivity enhancement

1. Introduction

The configurations first proposed by Otto [1] and Kretchmann and Raether [2] to
couple incidence light to surface plasmon modes at a metal–air interface renewed the
challenges and emerging direction in the area of sensors. Thus, in the 1980s, the successful
achievement of both gas detection and biomolecular sensing based on surface plasmons
in a Kretchmann configuration was reported [3]. At present, surface plasmon resonance
(SPR) based sensors are an important part of different domains such as analytical chem-
istry, biology, and diagnostics due to their high sensitivity which eliminates the labeling
process and could alter the properties of the molecules and also the possibility of real-time
monitoring of the interactions involved in kinetic studies. The increased detection perfor-
mance derives from the extremely sensitive reflectivity of the thin metal film with optical
variations (refractive index changes) of the medium placed on one side of it. However, as
the high sensing performance drastically degrades when low mass analytes are used [4],
the simple SPR sensor configuration has been continually adjusted to allow single molecule
detection [5], prenatal diagnostics [6], food safety [7] and temperature sensing [8].

It has been shown that by adding a thin semiconductor layer on top of the metal, the
overall performance of a sensor can be improved [9]. Moreover, this film acts as a protec-
tive coating when silver is used as plasmonic metal, improving its chemical stability [10].
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However, although the sensitivity is enhanced, in comparison to a classic structure, the
response becomes broader as a result of the thickness of the dielectric and its inherent ab-
sorption [11]. This problem has been overcome using graphene monolayers with improved
light absorption [12] that also increases the biological compatibility [13]. However, the
semiconductor’s thickness and the number of graphene monolayers have to be carefully
chosen to attain a good performance. Newly emerging graphene 2D materials which are
made up of transition metal dichalcogenide monolayers (TMDC), such as MoS2, WS2,
etc., have also been utilized in SPR sensor design to improve their performance [11,14,15].
Similar to graphene monolayers, MoS2 and WS2 provide a high affinity for a wide range
of target molecules due to their hydrophobic nature [16,17]. The biocompatibility of the
2D materials (Graphene, MoS2 and WS2) used here has been extensively studied in the
literature [18–20]. Various biosensors and immunosensors with a great performance based
on these 2D materials have been proposed such as: dopamine, ascorbic acid and uric acid
detection sensors [21]; single strand DNA (ssDNA) interaction sensors [22]; and sensors
used in the detection of prostate-specific antigens [23]. Furthermore, the main drawback
of graphene coated sensors is that the increased overall absorption with the number of
monolayers added, could be overcome by using these new materials as they show a high
absorption for only one monolayer [24–26].

Recently, more complex configurations based on metal–semiconductor/2D material–
metal–2D material [27] and even semiconductor–metal–dielectric–2D material contacts [28]
have been developed. For these architectures, the conventional method of varying each
layer’s thickness has become almost impossible due to the size of the design space (i.e.,
thickness of the metallic layer, number of monolayers). Design optimization studies have
been performed with promising results using algorithms that are inspired by nature, such as
particle swarm optimization [29,30] or genetic algorithms [31]. Whereas genetic algorithms
mimic natural evolution, the particle swarm optimization process is ispired by bird flock
movements, and have been employed to further improve the graphene [31] or TMDC based
SPR sensor’s performance [32] or to discover new configurations regarding the plasmonic
platform material [31].

Despite the recent successful implementation of genetic algorithms in the design
process of SPR based sensors [26,31], there is still much room for improvement, due to
their performance dependence on not only the sensitivity, but also the full width at half
maximum (FWHM) or minimum level of reflectivity at resonance. To regulate all these
parameters at the same time a multi-objective optimization must be perfomed on the sensor
design. The non-dominated sorting genetic algorithm II (NSGA II) proposed by Deb [33] in
2002 can easily deal with multiple objectives, making it a suitable approach for improving
the SPR sensor design. In 2014, the NSGA II was succesufuly applied to the optimization
of a magneto-optical surface plasmon resonance sensor configuration using two objectives:
the first was sensitivity, while the second was profiling the normalized sensor sensitivity
against the thickness of a single layer [34].

This work is focused on the optimization of an SPR sensor architecture through the
NSGA II algorithm, when a thin semiconductor layer and a 2D material, either graphene,
MoS2 or WS2, are placed on top of the metallic layer in order to improve the detection per-
formance. To find the best configurations, two test cases were analysed with the following
objectives: (i) sensitivity and FWHM, and (ii) sensitivity, FWHM, and reflectivity level at
resonance. Thus, the silver thickness, the number of 2D material monolayers and the semi-
conductor thickness were the parameters to be optimized. Moreover, the semiconductor
refractive index was also considered a parameter in order to obtain the theoretical limit
of the performance of these kinds of sensors. Finally, based on the optimized value of the
refractive index for the hypothetical semiconductor, we propose standard materials with
refractive indices close to the optimum values determined through simulations and we
repeat the optimization process to obtain a fine adjustment of the sensor architecture, to
facilitate further technological implementation.
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2. Materials and Methods

The configuration of the SPR sensor emerged from the classical Kretchmann con-
figuration (prism–metallic layer–sensing medium), where two additional layers, a thin
semiconductor layer and a graphene/TMDC (MoS2 or WS2) monolayer, were stacked on
top of the metallic layer, as shown in Figure 1.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 3 of 13 
 

materials with refractive indices close to the optimum values determined through simu-
lations and we repeat the optimization process to obtain a fine adjustment of the sensor 
architecture, to facilitate further technological implementation.  

2. Materials and Methods 
The configuration of the SPR sensor emerged from the classical Kretchmann config-

uration (prism–metallic layer–sensing medium), where two additional layers, a thin sem-
iconductor layer and a graphene/TMDC (MoS2 or WS2) monolayer, were stacked on top 
of the metallic layer, as shown in Figure 1.  

 
Figure 1. The proposed sensor configurations. 

The material for the coupling prism was borosilicate-crown glass (BK7) with a refrac-
tive index calculated using the following equation: 1 = 1.039612120.00600069867 + 0.2317923440.0200179144 + 1.01046945103.560653 (1)

where  is the incidence wavelength expressed in m, and the dispersion parameters 
were taken from [35].  

The layers were stacked on top of each other in the z-direction and dimensions for all 
layers in the x and y directions are considered infinite. The complex refractive index of the 
silver layer was calculated using the following equation [36]:  

=	 1 +  (2)

where  is the incident radiation wavelength in µm,  and  are the collision and 
plasma wavelengths that have the values 1.7614 × 10−5 m and 1.4541 × 10−7 m, respectively.  

The graphene monolayer thickness was considered 0.34 nm and the complex refrac-
tive index was computed with the following equation [37]: 
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The material for the coupling prism was borosilicate-crown glass (BK7) with a refrac-
tive index calculated using the following equation:

n2 − 1 =
1.03961212λ2

λ2 − 0.00600069867
+

0.231792344λ2

λ2 − 0.0200179144
+

1.01046945λ2

λ2 − 103.560653
(1)

where λ is the incidence wavelength expressed in µm, and the dispersion parameters were
taken from [35].

The layers were stacked on top of each other in the z-direction and dimensions for all
layers in the x and y directions are considered infinite. The complex refractive index of the
silver layer was calculated using the following equation [36]:

ñAg =

√
1 − λ2λc

λ2
p(λc + iλ)

(2)

where λ is the incident radiation wavelength in µm, λc and λp are the collision and plasma
wavelengths that have the values 1.7614 × 10−5 m and 1.4541 × 10−7 m, respectively.

The graphene monolayer thickness was considered 0.34 nm and the complex refractive
index was computed with the following equation [37]:

ñGraphene = 3 +
iC1λ

3
(3)

where C1 has a value of 5.446 µm−1.
The optical parameters and the thickness of one monolayer of TMDC are 5.0805 +

1.1724i and 0.65 nm for MoS2 [24], and 4.8937 + 0.3123i and 0.8 nm for WS2 [24], respectively.
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The last layer from the configuration is the region where the biomolecular interactions
(adsorption, DNA hybridization, etc.) take place, even though in an SPR classic configu-
ration this layer is called the ‘sensing medium’. The sensing medium’s refractive index
varied from 1.332 to 1.337 with a change of 0.005 RI (refractive index units).

It is worth mentioning that two approximations were made: (i) the quantum effects
between graphene/TMDC monolayers were neglected, and, (ii) when more than two
graphene/TMDC monolayers were stacked on top of each other the complex refractive
index of the overall layer was considered the same as the one for one monolayer but with
an increased thickness (N × monolayer thickness) [38].

The SPR sensor’s response depends on two damping processes [39]: (i) the leakage
radiation due to the interference phenomena resulting from the multiple interfaces, and
(ii) the absorption loss due to the energy transfer between the incident photons and the
metallic layer phonons.

A resonant energy transfer between incident radiation and surface plasmon polaritons
(SPPs) appears by varying the angle of incidence, and, as a result, the resonance is seen
as a sharp drop in reflectivity levels. Considering a classic three layer configuration, the
equation for the resonance condition gives the angle at which the SPP wave is coupled
with the incident radiation:

k0np sin θ = k0

√
εsεm

εd + εm
(4)

where k0 is the incident light wavevector, np is the prism’s refractive index, θ is the
incidence radiation angle, and εs,m represents the dielectric constants of the semiconductor
and metal, respectively. The left-hand side of the equation is the propagation vector of
light in the prism, whilst the right-hand side is the propagation vector of SPP from the
metallic interface.

The sensor’s sensitivity is defined as the displacement of the resonance angle (∆θres)
with the change of sensing medium’s refractive index (∆n):

S =
∆θres

∆n
(5)

The optimization of the sensor configuration was performed using the non-dominated
sorting genetic algorithm II (NSGA II) [33] together with the transfer matrix method [40], a
ubiquitous tool in the design of surface plasmon resonance based sensors. A schematic
presentation of the NSGA II implementation alongside the TMM is shown in Figure 2.

The objectives of the problem were to: (i) maximize sensitivity (i.e., even though the
algorithm is solving a minimization problem, the sensitivity is maximized by minimizing
its negative); (ii) minimize the FWHM, which is related to the overall absorption in the
sensor structure (i.e., when the light absorption in the metallic layer and subsequent
layers increases, the reflectivity curve broadens); and (iii) minimize level of reflectivity
at resonance (assuring a strong coupling between the surface plasmons and the incident
light [41]).

First, an initial population of 500 random configurations is generated, then the TMM
computes the responses (e.g., minimum level of reflectivity, sensitivity, and FWHM) of
each configuration. Second, NSGA II ranks the configurations based on their performance
(nondomination) and then applies the selection to choose configurations that produce the
offspring structures. Crossover (int or real SBX [42]) and mutation (int and real Polyno-
mial [42]) operations are applied to create the offspring population. The two populations
(initial and newly created after aplying genetic operations) are then combined into one
set. Third, TMM computes the offspring population’s responses, then sorts the configu-
rations based on their performance (nondomination) on different fronts to select which
configuration is transferred to the new generation. Solutions from the last front are then
compared based on the crowding distance in order to select which configuration should
be transferred to the new final population. Because NSGA II is an elitist multi-objective
genetic algorithm [33], the best solutions are preserved through generations. The final
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population becomes the initial population from step 1 and the process is repeated until the
termination criterion is met. It is worth mentioning that in multi-objective optimization,
where the objectives compete with each other, solutions might exist where one objective
cannot be improved without degrading the others [43], therefore, a set of optimal configura-
tions can be found. For example, configurations with a greatly enhanced sensitivity could
be generated, but they have an FWHM close to the constraint of 10 deg and, conversely,
a solution with a narrow FWHM, but a sensitivity close to the imposed lower limit of
200 deg/RIU. Table 1 summarises the sensor parameters considered to be optimized.
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Table 1. Parameter space, objectives and constraints used in NGSA II algortihm.

L.N. Parameters Parameter Space Objectives Constraints

1 Ag thickness 0–100 nm -Sensitivity <−200 deg/RIU
2 Semiconductor’s thickness 0–50 nm FWHM <10 deg

3 Semiconductor’s
refractive index 1.34–4 Reflectivity

at resonance <1%

4 No. of 2D
material monolayers 1–10 L

It is worth mentioning that in order to decrease the parameter space, a mixed problem
was solved, where the metallic thickness, semiconductor thickness, and the number of
monolayers were considered integer values, while the semiconductor refractive index was
considered real. The TMM code was written in Python [44] and for the optimization, the
‘pymoo’ framework [45] was employed.

3. Results

First, the NSGA II was used to optimize the metal thickness, the semiconductor thick-
ness and the refractive index, and the number of graphene/TMDC monolayers without
minimization of the reflectivity level. The reflectivity curves for the optimized configura-
tions with the best sensitivity and narrowest FWHM are shown in Figure 3. The black line
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represents the response of the configurations that present an enhanced sensitivity, whilst
the red line indicates the configurations with narrow reflectivity curves (small FWHM).
The convergence plots of objectives and layers can be found in Supplementary Information
Figure S1.
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Figure 3. Reflectivity curves for the optimized semiconductor refractive index: the black line shows the high sensitivity
configurations, the red line shows the narrow FWHM configurations, the dashed lines shows the sensor’s response for
n + ∆n, ∆n = 0.005.

The results clearly show that, whereas in order to enhance sensitivity, the thickness
of the silver layer must be decreased and the semiconductor layer must be increased,
conversely, for a smaller FWHM, the thickness of the silver must be increased and the
thickness of the semiconductor decreased. The differences in sensitivity and FWHM
between the two types of structure (sensitivity enhanced configuration and small FWHM
configuration) are shown in Table 2. (The convergence plots of layers and objectives can be
found in Figure S1 and additional configurations together with the sensitivity and FWHM
can be found in Figure S2 and Table S1 in the Supplementary Information).

Table 2. Configurations with the optimal dielectric refractive index for which the sensitivity is
enhanced and FHWM is lowered.

L.N. Material Configuration
Metal–Semic.–2D Mat.–(ndiel)

Sensitivity
(deg/RIU) FWHM (deg)

1 Graphene 43 nm–11 nm–1 L (2.6) 331 7.1
2 50 nm–7 nm–1 L (2.83) 202 3.9
3 MoS2

38 nm–10 nm–1 L (2.62) 258 8.9
4 45 nm–7 nm–1 L (2.66) 205 6
5 WS2

44 nm–8 nm–1 L (2.87) 333 7
6 51 nm–6 nm–1 L (2.72) 206 3.7

The combination of the imaginary part of the refractive index and the thickness of the
2D materials plays an important role in the SPR response. Due to the higher imaginary part
of the MoS2 refractive index that induces an additional loss, the structures modified with
MoS2 present a broader reflectivity curve and also a smaller sensitivity in comparison to the
other configurations. Thus, the highest sensitivity achieved is 258 deg/RIU which is about
60 deg/RIU less than the sensitivity obtained for graphene and WS2 structures. Looking
at the FWHM, the structure containing MoS2 has the narrowest FWHM of 5.8 deg. and a
sensitivity of 198 deg/RIU, while WS2 and graphene based structures have sensitivities
around 204 deg/RIU, and a FWHM of 3.4 deg. and 3.6 deg., respectively. Configurations
containing the WS2 monolayers exhibit a slightly higher sensitivity and also a narrower
reflectivity curve in comparison to the graphene modified monolayers, mainly due to its
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smaller imaginary part of the refractive index, i.e., 333 deg/RIU with a 7 deg FWHM in
comparison with 331 deg/RIU and 7.1 deg FWHM. Because the end goal is to maximize
sensitivity, the discussion will be restricted to the structures that enhance it. From Table 2 it
can be observed that the thin semiconductor’s refractive index is 2.6 for the graphene, 2.62
for the MoS2 and 2.66 for the WS2. Among all materials that have been already utilized as
top layers in SPR based sensors, BaTiO3, having a refractive index of 2.405 [46], is the best
candidate for this layer in the proposed sensor configurations.

To verify if BaTiO3 could really improve the sensing performance of the modified
sensors, an additional set of optimizations was performed, to find the optimum thickness
of the BaTiO3 layer, using the same objectives and constraints as in the previous run.
The convergence plots of layers and objectives can be found in Figure S3 and additional
configurations together with the sensitivity and FWHM can be found in Figure S4 and
Table S2 in Supplementary Information. The reflectivity curves of the most sensitive
configurations containing BaTiO3 can be seen in Figure 4.
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Table 3 demonstrates that the sensitivities obtained for all structures modified with
BaTiO3 are very close to those with the optimal refractive index, with the maximum
difference in sensitivity being 9 deg/RIU for the configuration with MoS2. Similarly,
the FWHM values also change, and the FWHM value corresponding to MoS2 with the
optimal material refractive index is increased from 8.9 to 9.2 deg. The highest sensitivities,
330 deg/RIU and 325 deg/RIU, were obtained for the structures with graphene and WS2,
respectively. As in previous optimization studies, several solutions were found with a
lower sensitivity of 200 deg/RIU, but with narrower reflectivity curves (<6 deg). Despite
the enhanced performance of these structures, since the minimum level of reflectivity
reaches a value of 5%, it is considered too high because of the inherent variations in the
layer thickness during the fabrication process.

Table 3. Optimized configurations with BaTiO3 for which the sensitivity is enhanced.

L.N. Material Configuration
Metal–Semic.–2D Mat. Sensitivity (deg/RIU) FWHM (deg)

1 Graphene 40 nm–13 nm–1 L 330 7.1
2 MoS2 39 nm–11 nm–1 L 249 9.2
3 WS2 38 nm–11 nm–1 L 325 8

Further, to eliminate the potential variations that could affect the sensor performance
under realistic conditions, a new set of optimizations was performed, where the minimum
level of reflectivity was introduced as an objective and constrained to be smaller than
1%. The reflectivity curves can be seen in Figure 5 and the performance determined for
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each configuration are presented in Table 4. In this case, there are three types of optimal
configurations: one that improves sensitivity (black line), a second that narrows the FWHM
(red line), and a third that minimizes the reflectivity level at resonance (blue line). The
convergence plots of the layers and the objectives can be found in Figure S5. Additional
configurations, together with the sensitivity and FWHM, can be found in Figure S3 and
Table S6 in the Supplementary Information.
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Table 4. Configurations with the optimal refractive index, for which the sensitivity is enhanced,
FHWM is narrowed and the reflectivity level at resonance is minimised.

L.N. Material
Configuration

Metal–Semiconductor–2D
Mat. (nsemiconductor)

Sensitivity (deg/RIU) FWHM (deg)

1
Graphene

40 nm–11 nm–1 L (2.66) 325 7.1
2 47 nm–8 nm–1 L (2.64) 200 4.6
3 37 nm–21 nm–2 L (1.87) 212 7
4

MoS2

40 nm–6 nm–1 L (3.53) 256 9.3
5 42 nm–6 nm–1 L (2.98) 200 7.4
6 34 nm–14 nm–1 L (2.13) 254 9.2
7

WS2

41 nm–9 nm–1 L (2.64) 314 7.9
8 48 nm–7 nm–2 L (2.51) 208 4.6
9 43 nm–5 nm–2 L (2.69) 212 7

From these results, it can be noted that adding the minimum level of reflectivity as
an additional objective led to a slightly decreased sensitivity in comparison to the one
obtained initially. Thus, the highest sensitivity for the graphene modified structure when
the reflectivity level was not optimized was 330 deg/RIU, but now it is 325 deg/RIU. As in
the first case, the same trend was observed: where to enhance the sensitivity, the metallic
layer thickness should be decreased and to reduce the FWHM, the metallic layer thickness
should be increased. Accordingly, for the MoS2 structure, the refractive index of the top
layer that maximizes sensitivity is 3.53, and, consequently, silicon is the the best candidate
to accomplish the requirements of the hypothethical material.

Furthermore, considering the value of the refractive index for which the structure’s
sensitivity is greatly enhanced, the fourth set of optimizations was run, where the metal
thickness, the semiconductor thickness, and the number of 2D material monolayers were
considered as parameters. BaTiO3 was selected for the graphene and WS2 configurations
was chosen because its refractive index was closest to the optimal levels (2.66 for graphene
and 2.64 for WS2) [47], while silicon for MoS2 based structure. The reflectivity curves can
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be seen in Figure 6 and the performance determined for each configuration are presented
in Table 5. The convergence plots of these layers and objectives can be found in Figure S7
and additional configurations together with the sensitivity and FWHM can be found in
Figure S8 and Table S4 in the Supplementary Information.
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Table 5. Configurations with the BaTiO3 and Si for which the sesntivity is enhanced.

L.N. Material Configuration
Metal–Semic.–2D Mat. Sensitivity (deg/RIU) FWHM (deg)

1 Graphene 43 nm–12 nm–1 L; (BaTiO3) 302 7.1
2 MoS2 39 nm–5 nm–1 L; (Si) 232 9.4
3 WS2 43 nm–10 nm–1 L; (BaTiO3) 302 8

The refractive index of silicon was calculated using the following formula [48]:

nSI = A + A1e−
λ
t1 + A2e−

λ
t2 (6)

where A = 0.344904, A1 = 2271.88813, A2 = 3.39538, t1 = 0.058304, t2 = 0.30384 and λ is
the wavelength. Because it was shown that polycristaline silicon with a thickness of 10 nm
would not induce a strong absorption in a visible spectrum [49], the extinction coefficient
was neglected.

In this case, the minimum level of reflectivity strongly influences the sensitivity.
Thus, if the graphene based structure sensitivity was 330 deg/RIU with a minimum
level of reflectivity at 4%, in this case, the sensitivity is decreased to 302 deg/RIU, but
the reflectivity level at resonance is smaller than 0.5%. Similarly, for the WS2 based
configuration, sensitivity decreased from 325 deg/RIU to 302 deg/RIU and for the MoS2
based configuration it decreased from 255 deg/RIU to 232 deg/RIU. It is worth mentioning
that the FWHM is not improved nor altered.

A quantitative comparison of the recent literature with the results obtained in this
work is presented in Table 6. Only the configurations based on the BK7 prism and silver as
a plasmonic platform were compared.

It can be observed that an enhanced sensitivity is obtained by adding a thin semi-
conductor film on top of the metallic layer, in comparison to configurations that uses
different combinations of 2D materials [50] (i.e., structures with black phosphprus (BP)
and Graphene/MoS2/WS2). It is worth mentioning that by employing NSGA II together
with the TMM, the BaTiO3 thin film greatly improves the performance for the structure
consisting in Ag-graphene [36] or ZnO–Ag–2D materials [28] with no prior information
about its refractive index. Moreover, a structure with an almost 50 deg/RIU improvement
in sensitivity was obtained.
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Table 6. Comparison of configurations found in the literature based on BK7 prism and
graphene/2D materials.

L.N. Configuration Sensitivity
(deg/RIU)

Refractive
Index Range Ref.

1 BK7–ZnO–Ag–BaTiO3–graphene 157 1.330–1.350 [28]
2 BK7–BP–graphene 217 1.330–1.335 [50]
3 BK7–BP–MoS2 218 1.330–1.335 [50]
4 BK7–BP–WS2 237 1.330–1.335 [50]
5 BK7–ZnO–Ag–BaTiO3–MoS2 174 1.330–1.350 [28]
6 BK7–ZnO–Ag–BaTiO3–WS2 180 1.330–1.350 [28]
7 BK7–Ag–BaTiO3–graphene 257 1.338–1.348 [36]
8 BK–Ag–BaTiO3–graphene 302 1.332–1.337 This work
9 BK7–Ag–Si–MoS2 232 1.332–1.337 This work
10 BK7–Ag–BaTiO3–WS2 302 1.332–1.337 This work

4. Conclusions

In this study, a multi-objective optimization algorithm, NSGA II, was employed
alongside a TMM to find the SPR based sensor configurations that could present an
enhanced sensing performance. The theoretical limit of maximal sensitivity with narrow
FWHM and a reflectivity level at a resonance smaller than 1% was achieved for structures
modified with a thin material placed on top of silver and graphene, MoS2 or WS2. Moreover,
it was shown that the optimal refractive index values for the thin top layer were close to the
levels of standard semiconductors, connecting our numerical analyses to real architectures.
Sensitivities up to 302 deg/RIU were achieved for the structures containing 43 nm silver,
12 nm BaTiO3 and one monolayer of graphene and 43 nm silver, 10 nm BaTiO3 and one
monolayer of WS2, respectively. From our extensive analysis on the effects of additional
layers on the sensing performance of SPR based sensors we can draw the conclusion that
multi-objective optimization employed together with the TMM could pave the way for the
next ultrasensitive SPR based sensors providing solutions that can be easy to implement.
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10.3390/app11104353/s1, Figure S1: Convergence plots for the Ag–Semicondcutor–2D material–
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the layer thicknesses convergence and right column: the objectives, Figure S2: Reflectivity curves for
the Ag–Semicondcutor–2D material–Sensing medium (nsemiconductor) configuration, Table S1: Addi-
tional configurations for the structure: Ag-semiconductor-2D material-Sensing medium, Figure S3:
Convergence plots for the Ag–BaTiO3–2D material–Sensing medium configuration with -sensitivity
and FWHM as objectives; Left column: the layer thickness convergence and right column: the objec-
tives convergence, Figure S4: Reflectivity curves for the Ag–BaTiO3–2D material–Sensing medium
configuration, Table S2: Additional configurations for the structure: Ag-BaTiO3-2D material-Sensing
medium, Figure S5: Convergence plots for the Ag–Semicondcutor–2D material–Sensing medium
(nsemiconductor) configuration with -sensitivity, FWHM, and minimum level of reflectivity as objectives;
Left column: the layer thickness convergence and right column: the objectives convergence, Figure S6:
Reflectivity curves for the Ag–Semicondcutor–2D material–Sensing medium (nsemiconductor) configu-
ration with -sensitivity, FWHM, and minimum level of reflectivity as objectives, Table S3: Additional
configurations for the structure: Ag–Semiconductor–2D material–Sensing medium, Figure S7: Con-
vergence plots for the Ag–BaTiO3/Si–2D material–Sensing medium configuration with -sensitivity,
FWHM, and minimum level of reflectivity as objectives; Left column: the layer thickness convergence
and right column: the objectives convergence, Figure S8: Reflectivity curves for the Convergence
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