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A five-layered Kretschmann configuration-based novel structure is designed for a
highly sensitive surface plasmon resonance (SPR) sensor. An adhesion layer of
magnesium oxide (MgO) is employed on the BK7 prism to avoid the adverse
effects of metallic layers, which cause SPR broadening and a decrease in the
resonance magnitude. A few layers of black phosphorus (BP) on top of the silver
(Ag) metal layer are added to complete the structure, which becomes the BK7/
MgO/Ag/BP configuration. The investigation is carried out using attenuated total
reflection (ATR), while the widely used transfer matrix method (TMM) is applied to
evaluate the performance of the SPR sensor. A separate analysis is performed
using three thicknesses, 5 nm, 10 nm, and 15 nm of MgO, an optimized thickness
of 40 nm of Ag, and eight layers of BP. The results revealed that the configuration
BK7/MgO (10 nm)/Ag (40 nm)/BP (8 layers) delivers a maximum sensitivity (S) of
234°RIU−1. Moreover, the configuration BK7/MgO (5 nm)/Ag (40 nm)/BP (8 layers)
delivers a maximum figure of merit (FOM) of 38.18°RIU−1. With these kinds of
extraordinary features, it is expected that the proposed SPR sensor can be applied
in different fields of biosensing.
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1 Introduction

In the last two decades, surface plasmon resonance (SPR) technology has attracted
massive attention from optical technologists because of its capability to solve a wide range of
real-time unsolved challenges, specifically in the biomedical field. In the recent past, SPR-
based sensing technology has been found to have tremendous development for detecting
cancer cells, antibody characterization, glucose label detection, DNA hybridization, etc. SPR-
based biosensors also find excellent applications for detecting and characterizing
biomolecules, biochemicals, food, the environment, etc. (Nguyen et al., 2015; Bellassai
et al., 2019; Asif et al., 2020; Mauriz, 2020; Taha et al., 2020). SPR sensing is based on
attenuated total reflection (ATR), in which a sharp dip of the plasmonic resonance curve is
obtained from the absorption of the incident light in the sensing medium (Akowuah et al.,
2009; Verma et al., 2015; Li et al., 2017). More explicitly, the SPR sensing process changes the
property of incident light after interacting with the analyte or sensingmedium, as recorded in
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the output light. The change in the input light could be in its
frequency, amplitude, phase, or polarization as measured at the
output. The SPR technique often uses a prism for coupling the
incident light, and the variation in the incident angle of light
interrogates the light. The change in the resonance angle (light
angle) significantly depends on the analyte or sensing medium’s
refractive index (RI). An excellent-performing SPR sensor should be
capable of measuring any minute change in the RI of the analyte.
The SPR sensor’s performance parameter, sensitivity (S), calculates
the minute change in RI. Other key performance parameters are full
width at half maximum (FWHM), detection accuracy (DA), and
figure of merit (FOM), which can measure the quality of the SPR-
based sensors (Verma et al., 2015).

Gold (Au) and silver (Ag) are the most commonly used
plasmonic metals in the SPR phenomenon. Both materials have
valuable features, such as high oxidation resistance due to aging,
better absorption capacity, a lower complex RI that reduces the
damping, and lower d-electron energy conduction, which is
sufficient for SPR generation in the visible region (Rhodes et al.,
2006; Rhodes et al., 2008; Khamh et al., 2018). However, the
characteristic of both metals is like noble metals; there is a
requirement for an adhesion layer to ensure firm bonding
between the metal and the substrate layers. In the general
technique to resolve the adhesion problem, metal layers like
chromium (Cr), titanium (Ti), and tantalum (Ta) may be
employed. However, incorporating the metal mentioned above
adversely affects the plasmonic resonance phenomenon of
metallic nanostructures. As a result, a high loss is measured,
causing a significant damping effect. Hence, a broadening of the
resonance curve and a decrease in its magnitude are recorded. As a
result, the performance of the SPR decreases (Ekgasit et al., 2005;
Jeppesen et al., 2010; Najiminaini et al., 2011; Otte et al., 2011;
Hughes et al., 2012; Abbott et al., 2019). Some studies have proposed
using oxides such as ITO, TiO2, and Cr2O3 as adhesion layers to
reduce losses (Aouani et al., 2009; Djaker et al., 2010; Sadri-
Moshkenani et al., 2020). These oxides are low-loss materials at
optical wavelengths. In a recent work (Sadri-Moshkenani et al.,
2020), it has been demonstrated that low-loss magnesium oxide
(MgO) could be the best alternative for the conventional adhesion
layers and other adhesion layers proposed in the earlier works.
Hence, in this work, MgO is chosen as the adhesive layer of the
proposed structure of the SPR sensor.

On the other hand, recently, it has been observed that 2Dmaterials
are extensively utilized in the SPR-based sensors due to their
extraordinary optical and electrical properties. Additionally, it
possesses excellent thermal conductivity, mechanical conductivity,
optical transparency, a high surface area-to-volume ratio, and large
elasticity. These exceptional properties make them a suitable material
for enhancing the performance of SPR-based sensors. Unlike other 2D
materials, the BP consists of unique features like a single layer with a
honeycomb lattice and is a direct bandgap semiconductor material. The
energy bandgap of the BP can be tuned from 0.3 eV to 2 eV for bulk and
single layer depending on the applied strain (Castellanos-Gomez, 2015).
This feature of BP allows us to tailor its optical properties, which are
responsible for SPR-based sensing applications.Moreover, compared to
other 2D materials, BP exhibits a high absorption and adsorption
coefficient, making it suitable for high sensitivity (Cho et al., 2016).
Some other important SPR-based work using different techniques for

various kinds of applications has been recently reported (Pandey and
Raghuwanshi, 2022; Sahu et al., 2022).

With this motivation, the work proposes a Kretschmann
configuration-based, novel five-layered structure for SPR
refractive index sensor for various applications in biosensing. The
first and last layers belong to the prism and sensing medium or
analyte, respectively. An adhesion layer of MgO is placed between
the prism and the silver metal layer. So, MgO and Ag correspond to
the second and third layers, respectively. After that, a few layers of
BP are incorporated into the Ag as the fourth layer of the structure.
The next section of the work provides a detailed description of the
proposed design of the SPR sensor. After that, in Section 3,
mathematical modeling is presented for the calculation of
reflectance and sensing parameters. The analysis of the result is
presented in Section 4. Finally, a summary of the whole work is
provided in the conclusion of Section 5.

2 Modelling of SPR sensor

One of the most widely used and accepted techniques to couple the
light for the excitation of surface plasmon waves (SPWs) in SPR-based
sensors is prism coupling. Several kinds of the prism may be employed
to focus and couple the light that generally comes through the polarizer,
as shown in Figure 1. However, if the light wave is launched directly at
the metal surface, SPWs are still generated at the metal-dielectric
interface, but the resonance condition is not satisfied due to
insufficient light accumulation on the metal surface. Therefore, the
requirement of the maximum accumulation of light on the metal
surface can be fulfilled using the prism. The idea of prism coupling
was first proposed by Otto (1968) and Zeng et al. (2013), which is called
the Otto configuration. In this configuration, metal is placed above the
prism, i.e., an air gap is maintained between the prism and metal layer.
However, the evanescent wave that is generated at the interface of air
and metal decreases exponentially from air to metal. Hence, it becomes
difficult to maintain the air gap between the prism and the metal. The
difficulty of the Otto configuration has been removed using a new
configuration called the Kretschmann configuration, which is proposed
by Otto, 1968. In the Kretschmann configuration, metal is deposited on
the prism, i.e., no air gap is present between the metal and prism. It has
been observed that the Kretschmann configuration is a more suitable
configuration to improve the sensitivity of the SPR sensor as the
associated technique decreases electromagnetic waves exponentially
in both metal and dielectric media. Further, the dielectric layer is
connected to a sensing medium in which biosamples are to be detected.
Both of the configurations are based on the concept of attenuated total
reflection (ATR). The present work focused on a Kretschmann
configuration-based SPR sensor for biosensing, as shown in Figure 1.

Several kinds of the prism have different refractive indices, namely,
CaF2, BK7, BAF10, BAK1, SF5, SF10, SF11, etc., available for light
coupling. However, the work uses a BK7 glass prism due to its high
efficiency and low refractive index (RI). BK7 makes it a good fit for
pairing monochromatic, plane-polarized light generated at a
wavelength of 633 nm by a He-Ne laser (Rahman et al., 2017).
Therefore, the BK7 prism is considered the first layer of the
structure of the proposed sensor. Thereafter, an adhesion layer of
MgO is deposited on the BK7 prism, and this becomes the second
layer of the system. Further, the silver (Ag) material is considered the
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plasmonic material for the proposed SPR sensor due to its superior
character and excellent sensing performance. Additionally, selecting Ag
over the most popular plasmonic material, gold (Au), makes the sensor
cost-effective. Hence, the third layer of Ag metal is placed on the MgO.
Now, a few layers of BP on top of the Ag are considered the fourth layer.
Last, on top of the BP analyte or sensing medium is placed as the fifth
and final layer of the sensor.

The operating wavelength of the incident light is considered
to be 633 nm, to avoid the possibility of the enhancement of
optical non-linearity and the Kerr effect at higher frequencies
(Bruna and Borini, 2009; Sharma et al., 2010). Therefore, each
material’s RI and other parameters for the SPR sensor are taken
cross-ponding to the operating wavelength of 633 nm. The RI of
the BK7 glass prism for a given incident light wavelength (λ) can
now be calculated using Eq. 1, as reported in (Gupta and
Sharma, 2005).

nBK7 � 1 + 1.03961212 λ2

λ2 − 0.00600069867
+ 1.01046945λ2

λ2 − 103.560653
+ 0.231792344λ2

λ2 − 0.0200179144
( )1/2

(1)

On the other hand, the complex RI of the Ag for the given
wavelength (λ), which has been used here as a plasmonic material in
the second layer of the proposed SPR sensor can be calculated using
Eq. 2 following the Drude–Lorentz model (Rahman et al., 2020)

nAg � 1 − λ2λc
λ2p λc + iλ( )

⎛⎝ ⎞⎠1/2

(2)

Where, λp, and λc denotes the plasmon wavelength and collision
wavelength for Ag. The numerical values of the, λp, and λc are
consider as 1.4541 × 10−7m and 1.7614 × 10−5m respectively. All
the RI od the considered material for the proposed sensors is
summarised in Table 1.

FIGURE 1
A five layered proposed structure for SPR biosensor based on Kretschmann configuration. The thickness of the layers of MgO, Ag, and BP are
denoted by W1, W2, and W3 respectively.

TABLE 1 Thickness and refractive index of various materials of the proposed sensor at wavelength 633 nm.

Layer structure Material used Thickness (nm) RI at 633 nm References

Layer-01 BK7 glass prism ---- 1.5151 Calculated

Layer-02 MnO 5/10/15 1.7346 Stephens and Malitson (1952)

Layer-02 Silver (Ag) 40 0.2184 + 3.5113*i Calculated

Layer-04 BP 8*0.53 3.5 + 0.01*i Zeng et al. (2015)

Layer-05 Sensing medium ---- 1.335 + Δn This work
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3 Mathematical modeling

3.1 Mathematical modeling for reflectivity
calculation

The paramount prerequisite for investigating the performance
of the SPR sensor is to calculate the reflectivity (reflectance or
reflection intensity) of the incident light at the output terminal.
The transfer matrix method (TMM) is the most efficient way since
there is no need to apply any approximation for measuring the

reflectivity of the incident light at the output. The reflectivity of
incident light is calculated from the light bounced back through the
interface of the metal dielectric of the N-layer model (Wang et al.,
2012). This methodology provides the most accurate outcomes
when a customized MATLAB program is developed to compute
the harmony of SPR modulation. Hence, Matlab software is used to
calculate the SPR modulation for the N-layer model. All the layers
are stacked in the vertical direction (z-axis) of the BK7 glass-
coupling prism. In the layered structure SPR, a correlation
between the tangential component of the propagating SPW with
the initial and final limit, i.e., Z � Z1 � 0 and Z � ZN−1. This
correlation between the initial and final limit is written in Eq. 3,
as per the report in (Rahman et al., 2017).

U1

V1
[ ] � M

UN−1
VN−1

[ ] (3)

Here, U1 and V1 are representing the components of the electric
and magnetic field respectively along the tangential direction at the
boundary of the first layer while, UN−1 and VN−1 are representing the
corresponding fields for the boundary at the nth layer. Now, a
characteristic architecture of the composite structure is represented
by Mij as given in Eq. 4.

Mij � ∏n−1
k�2

Mk
⎛⎝ ⎞⎠ � M11 M12

M21 M22
[ ] (4)

where,

Mk � Cos αk −i* Sin αk( )/qk
−iqk Sin αk Cos αk[ ] (6)

Here, α k is representing an arbitrary phase constant for the kth
layer and q k is defined in the

αk � 2π/λ( )nk Cos θk zk − zk−1( ) � 2πdk
λ( ) εk − n2

1Sin
2θ1( )1/2

and,

qk �
μk
εk

( ) 1
2 Cos θk� εk − n2

1Sin
2θ1( ) 1

2 /εk

Where, θ and λ are representing the angle of incidence and the
wavelength of the incident light. Also, n is denoting the refractive
index of the prism while εk is the dielectric constant for the kth layer.

Finally, on solving the above equation, the reflection coefficient/
reflectance for the incident light beam is given in Eq. 7 as reported in
(Rahman et al., 2017).

r � M11 +M12qn( )q1 − M21 +M22qn( )
M11 +M12qn( )q1 + M21 +M22qn( ) (7)

At last, the reflection intensity for plane-polarized light is
calculated by Eq. 8, as reported in (Zeng et al., 2015).

R � r| |2 (8)
The resonance angle (θSPR) for the SPR sensor is based on the

shifts in the resonance angle, which depends upon the effective RI of
the layered material involved and the RI of the sensing medium or
analyte (Dey et al., 2021). In SPR sensors, a minute change in the RI
of the sensing medium can be detected by the shift in the resonance

FIGURE 2
The optimization of the thickness of the Ag metal placed on the
adhesion layer of MgO having a thickness. (A) 5 nm, (B) 10 nm, and (C)
15 nm.
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angle θSPR and the shift of the resonance angle is measured by the Eq.
9 as in (Dey et al., 2021).

θSPR � sin−1 neffective*nanalyte

nprism n2
ef fective + n2

analyte( )1/2 (9)

Here, neffective represents the refractive index of the composite
layer.

3.2 Performance evaluating parameters of
SPR sensor

The performance characteristic of the SPR sensor significantly
depends on the resonance angle, i.e., the angle that depicts the
change in the RI of the sensing medium or analyte. The resonance
angle of the SPR can be defined as the angle where minimum
reflectance is detected, corresponding to the incident angle of the
light. Three main parameters define the quality of the SPR sensors.
The parameters are the sensitivity of the sensor (S), detection
accuracy (DA), and quality factor (QF). The parameter, as
mentioned above, should be as high as possible for better
performance of the SPR sensors. However, another parameter
that has a significant impact on the above-mentioned SPR sensor

characteristics is the full-width-half maximum (FWHM). The
FWHM quantity should be as small as possible compared to the
characteristic parameters. Sensitivity (S) is the most critical
parameter, which is defined as the ratio between the resonance
angle change (δθ) with RI variation (δn) in the analyte or sensor
medium. The dimension is measured in terms of the refractive index
unit (termed as RIU−1) and is calculated through Eq. 10 as in
(Rahman et al., 2017; Dey et al., 2021).

S � δθ

δn
(10)

Detection Accuracy (DA) is defined as the inverse of the
FWHM. The FWHM can be calculated through the thickness of
the SPR curve at half (50%) of reflectivity. The dimension of DA is 1/
deg and is calculated by the Eq. 11 as in (Rahman et al., 2017; Dey
et al., 2021).

DA � 1
FWHM

(11)

Another important parameter for getting clear concept of the
sensing efficiency is the measurement of figure of merit (FOM). It is
also known as the quality factor (QF) of the sensor. Its dimension is
in RIU−1 and can be defined by the Eq. 12 as in (Rahman et al., 2017;
Dey et al., 2021).

FIGURE 3
The variation of the reflectance with the angle of the incidence of the prism for the two RI of the analyte 1.335 and 1.340 when the thickness of the
adhesion layer of MgO is considered as (A) 0 nm (B) 5 nm (C) 10 nm (D) 15 nm.
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FOM � S

FWHM
(12)

4 Results and discussion

The main target of the proposed structure is to improve the
performance and sensitivity as high as possible. As discussed in
the previous section, this requirement can be fulfilled by selecting
a low refractive index prism for the coupling of incident light.
Therefore, the BK7 prism is chosen for the light coupling since its
refractive index value is lower. However, in contrast to the low
refractive index prism, a high refractive index prism will provide
a sharp dip in the resonance curve. Indeed, there are several other
advantages of using a low-RI prism that shadows the benefits of a
high-RI prism. A low-RI prism provides better SPR resonance
FWHM, the shift in the resonance curve, and the resonance
angle; as a result, it becomes possible to receive high sensitivity.

As discussed in Section 2, the proposed SPR sensor consists of
five layers. At first, an adhesion layer of MgO is deposited on top of

the BK7 prism. The third layer is a silver metal layer on top of the
MgO. The adhesion layer of MgO ensures firm bonding between the
metal (Ag) and the substrate layers (prism). To begin with the
analysis, three thicknesses of the adhesion layer (MgO) are chosen
for the optimization of the Ag. The thickness of MgO are considered
to be 5 nm, 10 nm, and 15 nm, and thickness optimization of the Ag
material is performed in each case. Figure 2A shows the
optimization of the Ag metal, which is placed on the 5 nm thick
MgO. The reflectance is measured using the TMM method, as
discussed in the previous section. Further, the reflectance is
recorded for varying thicknesses of the Ag material, considering
the RI of the analyte is 1.335 in each case.

The figure shows that the increment in thickness delivers better
reflectance, reflecting the excellent increment in the absorption of
the incident light. It can be observed that the rate of decrement in
reflectance slows down as the thickness increases beyond 35 nm. It is
almost saturating at the 40 nm thick Ag metal layer. However, on a
very careful observation, a further decrement in reflectance from a
40 nm to a 45 nm thick Ag metal layer is also recorded. Thereafter, a
significant increment in reflectance is observed. For the case of

FIGURE 4
The variation of the reflectance with the angle of the incidence of the prism for the two RI of the analyte 1.335 and 1.340 when the thickness of the
adhesion layer ofMgO is considered as 5 nm,while the number of BP layers on Ag are (A) 1 layer (B) 2 layers (C) 4 layers (D) 6 layers (E) 8 layers (F) 10 layers.
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10 nm and 15 nm thickMgO, a similar phenomenon or even a closer
reflectance is recorded for the case of 40 nm and 45 nm thick Ag
metal layers, as can be seen from Figures 2B, C, respectively.
However, in the case of 15 nm, the curve of 40 nm and 45 nm
thick Ag is almost overlapping. Hence, considering the
aforementioned phenomenon of a minute increment of the
reflectance between the 40 nm and 45 nm metal layers of Ag, so
40 nm thickness of the Ag is considered for further optimization.
The thinner layer reduces the cost of the device and may be suitable
for enhancing the SPR phenomenon. The final optimized reflectance
at 40 nm thick Ag metal for cases of 5 nm, 10 nm, and 15 nm thick
MgO are found to be 0.029, 0.023, and 0.017, respectively. Now,
before going forward, it will be relevant to calculate the sensitivity at
this configuration stage. The refractive index of the analyte or
biosample is considered to vary from 1.335 to 1.340. For ease of
calculation, the deviation in the resonance angle is calculated cross-
ponding to the RI as mentioned above only, i.e., 1.335 and 1.340.
More explicitly, sensitivity is measured by the deviation in the
refractive index of 0.005 from 1.335.

Figure 3 depicts reflectance as a function of the incident light
angle at the stage of Ag metal with the analyte kept on it. The
reflectance is calculated when the thickness of the MgO varies from
0 nm to 15 nm. The solid black curve shows reflectance for the
analyte of RI 1.335, while the red dashed curve shows the same for RI
1.340. The analysis shows that as the thickness of the adhesion layer
MgO increases, a slight improvement in the deflection angle, as well
as the minimum reflectance, is recorded. It reflects a slight
improvement in the absorption of the incident light. At this
stage, the sensitivities range from 134°RIU−1 to 140°RIU−1

(Refractive Index Unit-RIU). Here, it should be noted that the
deflection angle indicates the difference in the angle recorded
between the RI of the analyte of 1.335 and 1.340, corresponding
to their lowest reflectance considered for the analysis of the SPR
sensor, and corresponding to the 5 nm, 10 nm, and 15 nm thickness
of the adhesive layer of MgO, respectively. As discussed in the
previous section, using 2D materials (BP) has several advantages in
SPR. Therefore, further analysis is carried out by placing some layers
of BP on the 40 nm thick Ag metal layer. A systematic analysis is

FIGURE 5
The variation of the reflectance with the angle of the incidence of the prism for the two RI of the analyte 1.335 and 1.340 when the thickness of the
adhesion layer of MgO is considered as 10 nm, while the number of BP layers on Ag are (A) 1 layer (B) 2 layers (C) 4 layers (D) 6 layers (E) 8 layers (F)
10 layers.
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performed by increasing the number of BP layers on Ag. Here, three
cases are possible. In the first case, a 40 nm thickness of the Ag metal
on the 5 nm thick adhesion layer of MgO is considered for the

analysis. The performance of the SPR sensor is calculated by
increasing the number of layers of BP on the metal. Figure 4
shows the reflectance variation as a function of incident angle

FIGURE 6
The variation of the reflectance with the angle of the incidence of the prism for the two RI of the analyte 1.335 and 1.340 when the thickness of the
adhesion layer of MgO is considered as 15 nm, while the number of BP layers on Ag are (A) 1 layer (B) 2 layers (C) 4 layers (D) 6 layers (E) 8 layers (F)
10 layers.

TABLE 2 Sensitivity outcomes layer by layer with several configuration.

Layers Configuration with thickness Sensitivity (°RIU−1)

1 BK7 ----

2 BK7/Ag (40 nm)/Analyate 134

3 BK7/MgO (5 nm)/Ag (40 nm)/Analyate 136

BK7/MgO (10 nm)/Ag (40 nm)/Analyate 138

BK7/MgO (15 nm)/Ag (40 nm)/Analyate 140

4 BK7/MgO (5 nm)/Ag (40 nm)/BP (8 layers)/Analyate 232

BK7/MgO (10 nm)/Ag (40 nm)/BP (8 layers)/Analyate 234

BK7/MgO (15 nm)/Ag (40 nm)/BP (8 layers)/Analyate 234
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FIGURE 7
Variation of the reflectance with the angle of the incidence of the prism for two RI of the analyte 1.335 and 1.340.When the thickness of the adhesion
layer of MgO and BP are considered as (A)MgO= 5 nm, BP = 0, (B)MgO = 5 nm, BP = 8 layers, (C)MgO= 10 nm, BP = 0, (D)MgO = 10 nm, BP = 8 layers,
(E) MgO = 15 nm, BP = 0, (F) MgO = 15 nm, BP = 8 layers.

TABLE 3 Comparison of the sensitivity and FOM with some of recently reported SPR sensors.

Ref. Year Configuration Sensitivity FOM

Meshginqalam and Barvestani (2018) 2018 SF6/Chromium/Au/BP/WS2 187 ---

Xu et al. (2019) 2019 BK7/Au/WS2/Au/MXene 198 --

Jia et al. (2019) 2020 BK7/Ag/PtSe2 162 14.93

Jia et al. (2019) 2020 BK7/Au/PtSe2 165 14.12

Nurrohman and Chiu (2021) 2020 BK7/Au/WSe2/Graphene 178.8 27.86

Lin et al. (2020) 2020 SF11/Au/MoS2/WS2/WSe2 142 --

Hossain et al. (2020) 2020 SF11/Au/MoS2/Graphene 130 17.02

Kumar et al. (2020) 2020 BK7/ZnO/Ag/BaTiO3/WS2 180 ---

Rikta et al. (2021) 2021 SF10/Au/α-SnSe2/Phosphorene 96.4 12.36

Rahman et al. (2021) 2021 BK7/Au/WSe2/PtSe2/BP 200 17.70

This work BK7/MgO/Ag/BP 234 38.18
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when the number of layers of BP increases from 1 layer to 10 layers.
In Figure 4, the deflection angle increases from 0.72° to 1.16° for
adding one layer to 8 layers of BP. It reflects the increment in the
absorption of incident light in the analyte due to the large real part of
the dielectric constant of the BP. Further increment of the BP,
i.e., beyond eight layers, a significant deviation is observed;
consequently, a decrease in the deflection angle is recorded.

It reflects that saturation is achieved on the eighth layer of the
BP. The significant deflection in the resonance angle by placing
layers of BP crossponds to a substantial improvement in the
sensitivity of the proposed SPR sensors. The sensitivity improves
from 134°RIU−1 to 232°RIU−1. A similar analysis is performed
considering the 10 nm and 15 nm thickness of the adhesive layer
of MgO to calculate the impact on the performance of the proposed
SPR-based sensors. Figure 5 shows the variation of reflectance as a
function of incident angle for increasing the number of layers of BP,
considering the 10 nm thickness of the MgO. It can be observed

from Figure 5 a better deflection of the resonance angle is recorded
as compared to the case of 5 nm thick MgO. In this case, also,
saturation is achieved on the eighth layer of BP. However, the
deflection angle is slightly large compared to the earlier one. As a
result, an improved sensitivity performance is calculated as
compared to the earlier one. Considering the fact of
improvement in performance from the 5 nm–10 nm thick MgO
layer, it will be relevant to check the performance for the thicker
value of MgO. Hence, a further calculation is performed on a 15 nm
thick MgO layer.

A similar analysis is performed to check the performance of the
sensor. Figure 6 shows a similar reflectance curve for the case of
15 nm thick MgO. In this case, a more rapid deflection is observed,
but the maximum deflection remains constant at the eighth layer as
in the 10 nm thick MgO case. Therefore, it is concluded that the
optimum performance can be achieved when 10 nm thick MgO is
taken into consideration. Now, a summary of all three cases of MgO
with and without the optimized eight layer of BP is presented in
Figure 7. In Figure 7, the left-sided figures, i.e., (a), (c), and (e) are,
showing reflectance with incident angles for 5 nm, 10 nm and 15 nm
thick MgO respectively without considering BP layers. The right-
side figure shows reflectance as a function of incident angle with
eight layers of BP. It is concluded from this analysis 10 nm thick
layer of MgO with eight layers of BP provides the optimum
sensitivity performance of the proposed sensors.

FIGURE 8
The variation of (A) deflection angle (δθ), (B) Sensitivity with the
number of layers of BP for the three thicknesses 5 nm, 10 nm, and
15 nm of MgO.

FIGURE 9
Variation of (A) FWHM (B) Detection accuracy (DA) (C) The figure
of merit (FOM) with the increment of the number of layers of BP.

Frontiers in Materials frontiersin.org10

Kumar et al. 10.3389/fmats.2023.1131412

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1131412


Now, Figure 8 represents the deflection angle and sensitivity
variation by varying the number of layers of BP for all three cases of
the adhesion layer thickness of 5 nm, 10 nm, and 15 nm. It is clearly
shown that maximum deflection and hence maximum sensitivity
can be achieved by considering 10 nm MgO with eight layers of BP.
Finally, the other important SPR sensor performing parameters,
such as Detection Accuracy (DA), Figure of Merit (FOM), need to be
calculated. As discussed in the previous section, this parameter
depends on the full-width half maximum (FWHM) of the SPR.
To get a high value of DA and FOM, the value of FWHM should be
as low as possible, as FWHM is inversely proportional to the
performing parameters. However, as the number of the BP layers
is increasing, the value of FWHM is also increasing; consequently,
DA is decaying. On the other hand, FOM is improving even though
FWHM is increasing as can be seen in Figure 9. The maximum value
of FOM is about 38.2°RIU−1 is calculated when a 5 nm thick MgO
and eight layers of BP are taken into consideration. Moreover, the
maximum value of DA of about 0.17 deg.−1 is found for 15 nm thick
MgO as FWHM is experiencing the lowest value.

Hence, it will be relevant here to summaries all sensitivity in the
tabular form a quick review. Table 2 represents the layer-by-layer
outcomes of the result. The Table represents the summary of all the
sensitivity of several configuration along with their thickness.

Finally, a comparison Table 3 has been prepared to compare the
proposed novel structure of SPR sensor performance with some
earlier proposed SPR sensors performance. Thereafter a conclusion
is presented that summarizes the complete work.

5 Conclusion

In this work, a Kretschmann configuration based on a hybrid
structure is proposed to improve the performance of the surface
plasmon resonance (SPR) sensor working on the visible light region.
The structure is based on five layers, in which first and fifth layers are
the BK7 prism and analyte/sensing medium. On top of the prism, an
adhesion layer made of magnesium oxide (MgO) is incorporated to
avoid the adverse effect, which causes a broadening and decrease in
the resonance magnitude. The third layer is a silver metal layer
thereafter few layers of black phosphorus (BP), a 2D material, are
added. The performance of the sensor is analyzed by calculating the

reflectance for two fixed refractive indices, 1.335 and 1.340, of the
analyte using the transfer matrix method (TMM). A complete
investigation is carried out considering various thicknesses of the
MgO and layers of the BP to get optimized maximum performance
of the sensor. The maximum sensitivity is found to be 234°RIU−1 for
10 nm thickness MgO, 40 nm Ag and eight layers of BP.
Additionally, the maximum figure of merit (FOM) and detection
accuracy are recorded as 38.18°RIU−1 and 0.17 deg.−1, respectively.
With such an excellent performance and simple structure, the sensor
may be expected to be used in several petitions of biological and
biochemical sensing applications.
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