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Abstract 
In this study, we explore by numerical computation a very sensitive biosensor with a high detection accuracy, a bimetallic 
rhodium (Rh)/gold (Au) nanostructure is proposed. A further improvement of the sensitivity and figure of merit (FoM) is 
obtained by applying a layer of LiNbO

3
 and some 2D nanomaterials. Few nanolayers of Ti

3
C
2
T
x
 MXene, black phosphorene 

(BP) and tungsten disulfide (WS
2
 ) are selected to improve the detection performance of the nanoplasmonic biosensor. A 

detailed analysis was performed to design the high-performance biosensor by exploiting the optimization properties of each 
of the nanostructure layers for maximum sensitivity in the visible range at an excitation wavelength of 633 nm. The biosen-
sor has a high sensitivity of 420 deg/RIU with a 228.125% improvement in sensitivity for analyte refractive indices ranging 
from 1.30 to 1.37 and FoM = 75.71 RIU−1 . The integration of Ti

3
C
2
T
x
 MXene, BP or WS

2
 with bimetallic in a conventional 

surface plasmon resonance biosensor offers a promising approach for bio- and chemical sensing, opening new possibilities 
for highly sensitive surface plasmon resonance biosensors using 2-dimensional nanomaterials.
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1  Introduction

Optical biosensors based on the electromagnetic response at 
the metal-dielectric interface has been called nanoplasmon-
ics. Surface plasmonics (SPs) are free charge oscillations at 
the interface between a thin metal layer and a dielectric coat-
ing having a true dielectric permittivity of opposite signs. 
Surface nanoplasmonic resonance (SPR) has been widely 
used for biological and chemical detection in recent dec-
ades because of its superior performance, such as its ultra-
sensitivity, reliability, label-free and real-time detection 
capability [1–3]. According to the ATR (Attenuated Total 
Internal Reflection) coupler method, when the wave vector 
of the surface plasmons matches that of the incident trans-
verse magnetic (TM) polarized excitation light, SPR occurs 
[4–6]. Plasmonic sensors are highly sensitive to changes in 
the refractive index (RI) of the detection medium. However, 
a small change in the refractive index of the analyte in the 
detection medium can result in an observable variation in the 
biosensor response or in the reflection intensity curve. When 
the resonance condition is satisfied, the incident TM polar-
ized wave couples by resonance with the surface plasmons 
and a larger increase in the electric field strength causes a 
drop in the reflectance intensity curve.

Different types of SPR sensors, including prism-coupled 
SPR sensors [3], metallic-grating coupled SPR sensors [7], 
fiber-optic SPR sensors [8] and waveguide SPR sensors [9], 
have been designed and demonstrated for biochemical detec-
tion applications. The Kretschmann configuration [5] is a 
typical prism-coupled SPR sensor structure in which a thin-
ner plasmonic metal film (e.g., Au, Ag, Al, ...) is deposited 
on the surface of a prism.

These metals have their own advantages and disadvan-
tages such as Ag, although it is problematic for sulfidation 
with the environment, and is chemically unstable, Au does 
not form a thinner film [10, 11].

In the group of noble metals, a less often talked about 
metal is rhodium (Rh), a chemically inert element of the 
platinum group [12] which, due to its outstanding proper-
ties, is mainly used as a catalyst and in corrosion-resistant 
coatings. The large negative real part of Rh’s permittivity 
is ideally suited for bio-detection based on nanoplasmonic 
resonance [13–16].

However, the metal layer must be stable against corrosion 
and oxidation, especially in the field of bio-sensing. As the 
different noble metals active for SPR such as Au, Al and Ag 
have different optoelectronic and chemical characteristics; 
it is difficult to select one of these metals with all the above 
ideal characteristics.

For example, Ag and Al give very fine plasmon reso-
nance spectra, while Au has very stable optical and chemical 
characteristics. Various methods have been introduced to 
improve the performance of nanostructures in order to find 
an SPR biosensor with optimal characteristics. Meshgin-
qalam et al. [17], Banerjee et al. [18] and Mishra et al. [13] 
have proposed a bimetallic structure containing a film of Ag 
or Al with an additional high index layer on the metallic film 
for electric field enhancement in the SPR structure.

In our proposed biosensor design, we were interested in a 
bimetallic Rh/Au nanoplasmonic structure. Due to the high 
imaginary part of the dielectric permittivity, the spectrum 
of Rh resonance is not very sharp, thus in conjugation with 
a very thin Rh film considered as Au film which dominates 
all noble metals in terms of sharpness of resonance and vis-
ibility. This bimetallic Rh/Au layer has the high sensitivity 
of Rh and the strong resonance of Au; however, the Au film, 
being the topmost layer, has the characteristic of chemical 
stability with the environment.

Two-dimensional (2D) nanomaterials, such as Ti
3
C
2
Tx 

MXene [19, 20], transition metal dichalcogenides (TMDC) 
[21] and black phosphorus (BP) [22] have attracted consid-
erable interest in recent years due to their unique optical, 
electrical and chemical outstanding characteristics and the 
application of these 2D nanomaterials in biosensors have 
been widely used to improve detection performance char-
acteristics [23–28].

An SPR biosensor using Ti
3
C
2
Tx MXene was designed 

in 2018 by Wu et al. to improve the sensor and the highest 
sensitivity is reported at 160 deg/RIU, which is covered by 
a four layer Ti

3
C
2
Tx MXene [29]. In 2017, L. Wu et al. used 

a thin layer of BP and the highest sensitivity is reported 
at 181 deg/RIU [30]. An SPR biosensor using TMDC was 
designed by Zhao et al. to improve sensitivity and the high-
est sensitivity is reported at 237 deg/RIU which is covered 
by a WS

2
 monolayer [31].

The main objective of all the designers of SPR bio- and 
chemical sensors is to obtain a better resolution and highest 
detection sensitivity.

In this study, we theoretically designed different SPR 
nanostructures by combining Ti

3
C
2
Tx , BP or WS

2
 on a bime-

tallic Rh/Au nanostructure coupled by BK7/LiNbO
3
 [BK7/

LiNbO
3
/Rh/ Au/(Ti

3
C
2
Tx or BP or WS

2
)/sensing medium] as 

shown in Fig. 1. We can justify by saying that our proposed 
SPR biosensor based on the hybrid nanostructure has unique 
optical properties, such as the nanostructure is specially 
designed to improve the sensitivity and decrease the width 
at half maximum (FWHM), thus improving the performance 
of the biosensor compared to other conventional sensors. We 
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have achieved a significant improvement in angular sensitiv-
ity of 228.125%. Contrary to the traditional refractometer for 
example, our SPR biosensor can measure very small index 
variations between two biological liquids with very close 
index. It should be noted that the optimized sensitivity is 
420 deg/RIU for eight layers of BP, 256 deg/RIU for three 
layers of WS

2
 , and times higher than the recently reported 

value of 240 deg/RIU for six layers of Ti
3
C
2
Tx.

2 � Design consideration and theoretical 
model

2.1 � SPR nanostructure overview

The proposed SPR biosensor nanostructure as shown in 
Fig. 1 is based on Kretschmann configuration. In this bio-
sensor, we have taken a BK7 prism and LiNbO

3
 layer is 

deposited on the base of prism of 10 nm thickness. Our SPR 
biosensor nanostructure based on the Rh/Au/2D material 
layers/sensing medium is shown in Fig. 1, which consists of 
six different layers. In this biosensor nanostructure, Rh as 
the noble metal for exciting SPs which is covered by a thin 
Au film is deposited on the BK7/LiNbO

3
 as the coupling 

prism. Different 2D materials layer of Ti
3
C
2
Tx MXene, BP 

and WS
2
 are deposited between the Au film individually, 

and the last sensing medium is the biomolecular analyte as 
shown in Fig. 1.

A TM light from a monochromatic source at 633 nm 
wavelength is launched in one side of the BK7 prism, and 
reflected light is detected from the other side. When an elec-
tron or light beam is totally reflected at boundary, it gener-
ates an evanescent wave that interacts with the plasma wave 
if metal has appropriate thickness of tens of nanometers.

In this paper, we have designed different configurations 
using Ti

3
C
2
Tx MXene, BP and WS

2
 separately to optimize 

the performances parameters. Prism of lower refractive 
index offers high sensitivity [32], and therefore, we have 
considered a prism made of BK7 glass. The refractive 
index of BK7 glass has been calculated by using the fol-
lowing relation [33]:

where � is the wavelength of incident light.
We have taken advantage of the fact that the design 

of the SPR biosensors implies the deposition of metallic 
films on the top side of the substrate, leaving the back 
side available for light injection in a classical Kretschmann 
prism-based SPR configuration.

The SPR nanostructures were fabricated on a glass sub-
strate and LiNbO

3
 is deposited on a prism base. LiNbO

3
 

was chosen for its excellent optical properties in the vis-
ible and near infrared for performance enhancement. In a 
simple approximation, the corresponding refractive indices 
can be calculated from a one-term Sellmeier equation [34, 
35]:

With an average oscillator position �
0
 and a parameter A

0
 , 

which is a measure of the average oscillator strength at 633 
nm, n LiNbO

3
 = 2.2864.

In order to describe the optical properties of metallic 
rhodium (Rh), the complex permittivity of the rhodium at 
the 633 nm is n Rh = 

√
�Rh = 2.152+i5.6102 [36].

The refractive index of Au film can be expressed from 
the Drude–Lorentz model [37]:

(1)

n
BK7

=

(
1.03961212�2

�2 − 0.00600069867
+

0.231792344�2

�2 − 0.0200179144

+

1.01046945�2

�2 − 103.560653
+ 1

)1∕2

(2)nLiNbO
3
=

[
1 −

A
0

�2
0
∕�2

]1∕2

Fig. 1   Schematic illustration 
of the proposed bimetallic SPR 
biosensor nanostructure based 
on LiNbO

3
 with the layer of 

nanomaterials; Ti
3
C

2
T
x
 MXene, 

black phosphorene and WS
2
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where �p and �c represent the plasma and collision wave-
length. The numerical values of �p and �c for gold (Au) are 
1.6826×10−7 m and 8.9342×10−6 m, respectively.

The complex refractive index of Ti
3
C
2
Tx MXene is con-

sidered as n Ti
3
C
2
Tx

 = 2.38 + i1.33 and its thickness is varied 
as d Ti

3
C
2
Tx

 = L ×0.993 nm, where L is the number of Ti
3
C
2
Tx 

MXene layers [38, 39]. As well, the complex refractive index 
of BP at the wavelength of 633 nm is reposted as n BP = 3.5 + 
i0.01, and its thickness varied as d BP = M ×0.54 nm, where M 
is the number of BP layers [30]. The complex refractive index 
of WS

2
 is considered as n WS

2
 = 4.9 + i0.3124, and its thickness 

is varied as d WS
2
 = N ×0.80 nm, where N is the number of WS

2
 

layers [30]. Finally, the last layer is a sensing medium, and 
the refractive index is given as n s = 1.33 + Δns , where Δns is 
the change of refractive index alteration due to bimolecular or 
biochemical change in the medium [40]. We will change this 
refractive index in our proposed SPR biosensor experiment, by 
the SPR-based binding method that involves the immobiliza-
tion of a nanomaterial layer (ligand) on the biosensor surface, 
covalently attached to a gold surface. The layer of interest is 
immobilized on the sensor surface allowing solutions with dif-
ferent concentrations of an analyte to flow over it and charac-
terize its interactions with the contact layer with the sensing 
medium (Fig. 1). The SPR signal comes from changes in the 
refractive index of the biosensor sensing medium. The increase 
in mass associated with a binding event causes a proportional 
increase in refractive index, which is observed as a change 
in SPR response. These changes are measured as changes in 
the resonance angle ( Δ�SPR ) of refracted light as the analyte, 
flowing through a microfluidic channel, binds to the layer at 
the sensing surface and increases in density at the biosensor 
sensing medium.

2.2 � Theory and numerical methodology

The plasmonic spectral response has been evaluated by numer-
ical calculations that are involved to study the optical prop-
erties SPR nanostructures using the Finite Element Method 
(FEM) based on COMSOL Multiphysics software [41, 42]. 
It contains in solving Maxwell’s equations in the frequency 
domain by discretizing space into small finite elements (having 
different possible shapes). The Maxwell’s equations in a region 
without source are given as:

(3)nAu =
√
�Au =

�
1 −

�2�c

�2
p
(�c + i�)

�1∕2

(4)∇ × � = − �
��

�t

(5)∇ ×� =�
��

�t

where � and � are the electric and magnetic fields, respec-
tively. � is the permittivity, and � is the permeability of the 
medium. In FEM method, Maxwell’s equations are quan-
tized according to the time and space. Solution of Maxwell’s 
equations means evaluating the electromagnetic field’s quan-
tities in each space-time point according to the material 
parameters and initial conditions.

Assuming time-harmonic electric field, the electric field 
distribution in plasmonics nanostructures can be calculated 
by using the 2D vector wave equation:

where �r(�) = �
�

r
(�) − i�

��

r
(�) is the complex dielectric func-

tion and �′

r
 , �′′

r
 are its real and imaginary parts and i =

√
−1 . 

k
0
=

�

c
 is the wave number in vacuum, and the relative per-

meability �r = 1.
The SPR nanostructures are excited by an incident elec-

tromagnetic wave of wavelength �=633 nm and is generated 
in the substrate of refractive index n BK7 . It is launched in the 
Oxy plane with a varied angle of incidence ( � ) relative to 
the Oy axis. This excitation wave is polarized TM, and its 
associated electric field vibrates along x and y-axes.

In the attenuated total reflection (ATR) configurations, 
the intensity reflectance coefficient (R) spectra can be calcu-
lated by using obtained S-parameters from numerical simu-
lation as R(�) = |S

11
|2.

2.3 � Performance parameters

In this study, we will present the different design principles 
of highly improved and highly sensitive SPR biosensors 
for biosensing applications. In order to compare detection 
performance, several major factors such as sensitivity (S), 
factor of merit (FoM) and field intensity enhancement will 
be introduced. The angle of incidence corresponding to the 
minimum reflectance intensity is called the plasmon reso-
nance angle, and the detection angle sensitivity is calculated 
by the ratio between the spectral shifts of the plasmon reso-
nance angle Δ�SPR in degree and the variation of the refrac-
tive index of the detection medium Δns in RIU (Refractive 
Index Units) as follows [43]:

Therefore, the sensitivity measurement is not sufficient to 
evaluate the performance of the biosensor. Thus, the other 
parameter needed to evaluate SPR biosensing performance 
is the Factor of Merit (FoM). The FoM is considered a useful 
parameter for verifying the SPR resolution. It is defined as 
the ratio of the refractive index sensitivity to the full width 
at half resonance height (Full Width at Half Maximum 
(FWHM)) [44]:

(6)∇ × �−1

r
(∇ × �) − k2

0
�r� = �

(7)S =

Δ�SPR

Δns
(deg∕RIU)
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3 � Results and discussion

In order to obtain optimized thicknesses of the constituent 
layers of the nanostructure for the SPR biosensor, we start 
by optimizing the thickness of the Rhodium layer. As for the 
different plasmonic nanostructures, the plasmonic response 
of Rhodium is strongly dependent on the thickness of their 
layer. By observing in Fig. 2 the SPR response, obtained 
by numerical computation, for the plasmonic nanostructure 
BK7/Rh/Sensing medium with variable layer thickness Rh 
only (dRh ). We found that for d Rh=10 nm Fig. 2a, the SPR 
reflectance curve has the best modulation depth (depth of the 
minimum in a spectrum of the SPR reflectance intensity).

In Fig. 2b, we show the SPR resonance angle of incidence 
( �SPR ) as a function of d Rh for two detection media n s=1.33 
and 1.37, we plot an improving SPR response with respect 
to the increase in d Rh . On the same figure, we determine the 
sensitivity for the proposed structure and we find a better 
sensitivity of 145 deg/RIU at d Rh=30 nm. For this thickness, 
the SPR curves show less modulation depth, FoM=6 RIU−1 
low. Therefore, we choose d Rh=10 nm. For this thickness, 
the minimum SPR reflectance intensity curve is zero (Rmin

=0) with the FWHM detection accuracy important, which 
gives a sensitivity of 56.25 deg/RIU and FoM=7.9 RIU−1 
as the optimized thickness of the Rh layer for our further 
calculations.

It is shown that the high real part of Rh’s permittivity 
leads to a higher sensitivity in plasmonic biosensors, while 
the high value of the imaginary part of their permittivity 
leads to a high loss of material which constitutes a measure-
ment obstacle and limits the application of Rh in the field of 

(8)FoM =

S

FWHM
(RIU−1

)

detection. We have proposed an SPR nanostructure with a 
bimetallic Rh/Au layer is an appropriate approach to protect 
Rh loss and improve the performance of SPR biosensors.

An analytical study is performed to determine the optimal 
design to improve SPR performance. The bimetallic struc-
ture used with an Au layer above the Rh layer as a protective 
layer is shown in Fig. 3a. Figure 3b shows the variation of 
reflectance intensity versus angle of incidence for different 
thicknesses of the Au (dAu ) film at d Rh=10 nm fixed. From 
Fig. 3, we notice that the reflectivity corresponding to the 
SPR resonance angle gradually increases with increasing Au 
film thickness from d Au=3 nm to d Au=30 nm due to increas-
ing absorption. Figure 3c shows the variation of the mini-
mum reflectance value (Rmin) at SPR as a function of the 
corresponding d Au of two detection medium n s=1.33 and 
1.37. The minimum reflectance intensity (Rmin ) is obtained 
when the total energy transfers from the incident light to the 
plasmon resonance. In Fig. 3d, the biosensor sensitivity has 
been plotted against the Au film thickness for the structure 
with 10 nm Rh. It can be observed that the sensitivity is 
maximum 265 deg/RIU for an Au thickness of 30 nm.

It can be seen that the minimum reflectivity correspond-
ing to the plasmon resonance angle is lower at the Au thick-
ness of 20 nm which corresponds to a sensitivity of 125 deg/
RIU. We consider this thickness as the optimized Au film 
thickness for the following calculations.

Unfortunately, the peak resolution of the conventional 
Rh-based (monometallic) SPR nanostructure is low and lim-
its the FoM values, whereas a higher sensitivity is obtained. 
To overcome the low FoM value and the stability of the Rh-
based SPR biosensor, we have studied the effect of Au in a 
modified bimetallic nanostructure with improved sensitivity 
(see Fig. 3).

In this research, we have calculated the FoM versus Au 
thickness with d Rh=10 nm. As seen in Table 1, the FoM 
increases from 9.43 RIU−1 for d Au=3 nm to 75.71 RIU−1 

(b)

(a)

Fig. 2   a Reflectance intensity as a function of the incident angle for the variation of analyte refractive index n 
s
=1.33 (read line) and n 

s
=1.37 

(blue line) for d 
Rh

=10 nm, b Evolution of the resonance angle (blue curves) and sensitivity (read curves) with thickness of Rhodium layer (d
Rh

)
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for d Au=30 nm, which is greater than FoM=7.9 RIU−1 
obtained with the BK7/Rh(10 nm)/sensing medium nano-
structure. This gives an improved FoM of 858.35% (9.58 
times) calculated for the bimetallic nanostructure com-
pared to the monometallic nanostructure. This nanostruc-
ture is chosen as the best SPR configuration for real-world 
biosensing applications.

In this study, we present a biosensor for the detection of 
bimetallic surface plasmon resonance. Generally, SPR sen-
sors are manufactured on non-piezo-active glass substrates; 
therefore, we studied the effect of a piezoelectric material 
LiNbO

3
 [45, 46].

Figure 4 shows the SPR results of the structure on a pie-
zoelectric substrate (BK7/LiNbO

3
 / Rh(10 nm)/Au(20 nm)/

sensing medium). As is clearly shown in Fig. 4a, the curves 
of reflectance intensity versus angle of incidence of light 
of wavelength 633  nm for different thicknesses of the 
LiNbO

3
 layer (dLiNbO

3
 ). As expected, it can be seen that the 

SPR reflectivity curves move toward the largest angles of 
minimum reflectivity with the increase in d LiNbO

3
 from 2 to 

20 nm. This study demonstrates that SPR can be performed 
on a LiNbO

3
 substrate with very good results compared to 

those obtained with glass substrates.
In order to understand the effect of the LiNbO

3
 substrate 

on the biosensor performance, we have calculated the sen-
sitivity as a function of d LiNbO

3
 for two detection media of 

refractive indices 1.33 and 1.37. As shown in Fig. 4b, the 
sensitivity increases almost linearly when d LiNbO

3
 increases 

from 135 deg/RIU to 280 deg/RIU. This gives a sensitiv-
ity improvement from 125 deg/RIU for BK7/Rh(10 nm)/

(b)

(c) (d)

(a)

Fig. 3   a Schematic diagram of the designed bimetallic plasmonic 
nanostructure; b Reflectance intensity as a function of the incident 
angle and for different thicknesses of Au film (d

Au
 ) with d 

Au
=10 nm; 

c Minimum reflectance values as a function of Au thickness for vari-
ous analyte refractive index and d evolution of the resonance angle 
and sensitivity with thickness of Au film

Table 1   Performance comparison the nanostructure BK7/Rh(10nm)/
Au/sensing medium for different thicknesses of Au film (d

Au
)

Thicknesses of Au 
film (nm)

Sensitivity 
(deg/RIU)

FWHM (deg) FoM (RIU−1)

3 60 6.36 9.43
5 65 5.9 11
7 70 5.51 12.7
10 80 4.97 16.01
15 100 4.27 23.42
20 125 3.57 35.01
25 165 3.5 47.14
30 265 3.5 75.71
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Au(20  nm) to 280 deg/RIU for BK7/LiNbO
3
(20  nm)/

Rh(10 nm)/Au(20 nm).
This design of our proposed LiNbO

3
 substrate SPR bio-

sensor is approximately 2.44 times (124%) more sensitive 
than the glass substrate biosensor.

The thickness of the first LiNbO
3
 layer (dLiNbO

3
 ) is a very 

important factor influencing the biosensor sensitivity (see 
Fig. 4b). Next, we consider the influence of d LiNbO

3
 on the 

FoM, as shown in Table 2. It shows the variation of FoM 
as a function of the thickness of the LiNbO

3
 layer. From 

Table 2, it is shown that the FoM has a great improvement 
with increasing d LiNbO

3
 . It is evident when the d LiNbO

3
 var-

ies from 0 to 20 nm the FoM value increases from 35.01 
RIU−1 to 55.33 RIU−1 is obtained for the SPR BK7/LiNbO

3

/Rh(10 nm)/Au(20 nm) biosensor. In addition, the proposed 
biosensor shows a 58% (1.58 times) FoM improvement over 
the conventional BK7/Rh(10 nm)/Au(20 nm) sensor.

The optical properties of the materials constituting the 
prisms and their refractive index values have direct effects 
on the plasmonic response of the SPR biosensor. It is known 
that the prism amplifies the wave vector of the excitation 
wave and provides a basis to make it coincide with the wave 

vector of the surface plasmon [47]. Figure 5 shows the SPR 
and minimum reflectance angle relative to the refractive 
index of the seven types of prism material at 633 nm. As 
shown in Fig. 5, the BK7 prism (nBK7=1.5151) has the high-
est SPR angle with an appreciable R min . These excellent SPR 
characteristics of the BK7 prism and its low refractive index 
are a choice for the ultimate design of our biosensor.

Previous studies on multilayer plasmonic biosensors with 
2D nanomaterials have shown that the detection properties 
also depend on the number of monolayers of these 2D mate-
rials [28, 30, 48–50]. In this part of our study, we focus on 
the effect of the number of monolayers of 2D nanomaterials 
(Ti

3
C
2
Tx , BP and WS

2
 ) on the detection performance of the 

BK7/LiNbO
3
(10 nm)/Rh(10 nm)/Au(20 nm)/2D-nanoma-

terials biosensor.
First, we have studied the effect of the layers of Ti

3
C
2

Tx MXene (L) on the reflectance intensity of the proposed 

(b)

(a)

Fig. 4   a Reflectance intensity curves for different thicknesses of LiNbO
3
 (d

LiNbO
3
 ) and b Variation of sensitivity with thickness of LiNbO

3
 layer 

(the inset shows the evolution of the resonance angle with thickness of LiNbO
3
 film). For SPR nanostructure with 10 nm of Rh and 20 nm of Au

Table 2   Performance comparing of the nanostructure BK7/LiNbO
3

/Rh(10nm)/Au(20nm) for different thicknesses of LiNbO
3
 layer 

(d
LiNbO

3
)

Thicknesses of 
LiNbO

3
 film (nm)

Sensitivity 
(deg/RIU)

FWHM (deg) FoM (RIU−1)

0 125 3.57 35.01
2 135 3.81 35.43
5 150 3.95 37.97
10 180 4.31 41.76
15 220 4.72 46.61
20 280 5.06 55.33

Fig. 5   Comparative analysis of different types of prisms in order to 
find maximum SPR angle for proposed sensor performance parameter 
analysis
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SPR biosensor shown in Fig. 6a, b for two different detection 
sensing of n s=1.330 and n s=1.335. The performance of the 
proposed SPR biosensor is greatly affected by the number 
of monolayer of Ti

3
C
2
Tx . Figure 6c shows the variation of 

�SPR , with respect to a different number L at � = 633 nm. 
We notice a shift toward the higher �SPR values can be seen 
when L increases from L=0 to L=10, after �SPR decreases for 
L ≥ 10. This increase in the SPR resonance angle with the 
increase in the number of Ti

3
C
2
Tx monolayer obtained on 

the reflectance curves (see Fig. 6a, b). The latter widen due 
to the increase in the loss of electronic energy (imaginary 
part of the refraction index increases) of the increased num-
ber of Ti

3
C
2
Tx monolayers, as shown for graphene [51–53].

Figure 6d shows that there is a greater increase in sensi-
tivity if the number of Ti

3
C
2
Tx monolayers is varied from 

L=0 to L=6, and the greatest sensitivity S=240 deg/RIU 
can be obtained for L=6 compared to the nanostructure 
without Ti

3
C
2
Tx (L=0) the sensitivity is S=128 deg/RIU. 

After that, the sensitivity starts to decrease for L > 6. It is 
concluded that the addition of 6 monolayers of Ti

3
C
2
Tx the 

sensitivity is improved by 120%, this improvement is greater 
than that obtained by L. Wu et al [29]. However, when the 

number of Ti
3
C
2
Tx monolayers is increased the FoM starts 

to decrease from 41.76 RIU−1 to 17.43 RIU−1 due to the 
increased energy loss and the limitation of the angular range 
of the SPR resonance.

In a second phase, we have studied the influence of 
some BP (M) monolayers to improve the sensitivity of the 
proposed SPR biosensor BK7/LiNbO

3
(10 nm)/Rh(10 nm)/

Au(20 nm)/BP/sensing medium. Figure 7a, b shows the 
reflectance intensity spectra as a function of angle of inci-
dence for the different number of BP (M) monolayers at 
two sensing media. From the figures, we can see that the 
minimum reflectance intensity corresponding to the SPR 
resonance angle is increased rapidly with the increase in 
BP monolayer from M=0 to M=5 due to increased absorp-
tion (due to its large real part of the refractive index n BP 
= 3.5 + i0.01 at 633 nm). To understand the desired com-
parison, we first observe the addition effects of BP layers 
by plotting curves of the SPR resonance angle versus the 
number of BP monolayers for RI detection media 1.330 to 
1.335 as shown in Fig. 7c. We notice a very good �SPR shift 
from 77.28 to 88.8 deg for n s=1.330 and 77.72 to 89.8 
deg for n s=1.335 when M passes from 0 to 9 monolayers. 

(a) (b)

(c) (d)

Fig. 6   a, b Reflectance intensity curves for different number of Ti
3
C

2
T
x
 monolayer (L) [a for n 

s
=1.330, b for n 

s
=1.335]; c Evolution of the 

resonance angle and d Sensitivity as a function of the number of Ti
3
C

2
T
x
 monolayer
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Figure 7d shows the evolution of the sensitivity compared 
to the BP monolayer (M) for our proposed biosensor 
when the variation of the refractive index of the detection 
medium is Δns=0.005. According to the result, we have 
obtained that the sensitivity first increases to its maximum 
value S = 420 deg/RIU when the number of BP monolayer 
is 8 ( M = 8 ), then starts to decrease when M > 8 (see 
Fig. 7d).

The result shows that the sensitivity is significantly 
improved by 210% (2.27 time) during application of 8 mon-
olayers of BP compared to the biosensor at the sensitivity 
( S = 128 deg/RIU) of conventional structure without BP 
layer (BK7/LiNbO

3
(10 nm)/Rh(10 nm)/Au(20 nm)).

Then, we have analyzed the effect of BP on the FoM in 
the first case means of conventional nanostructure ( M = 0 ) 
the FoM=41.76 RIU−1 . As we can see, when you use differ-
ent BP monolayers (M>0), the corresponding FoM is 31.8 
RIU−1 . These results show that the FoM corresponding to 
maximum sensitivity is not necessarily maximum due to the 
increase in FWHM. This is due to the difference in optical 
conductivity of nanomaterials. The refractive index variation 
from three of BP monolayer is +3.18% [54].

In addition to the bimetallic multilayer SPR nanostruc-
ture with Ti

3
C
2
Tx or BP, in this part we have optimized the 

effect of some monolayers of WS
2
 (N) (transition metal 

dichalcogenides (TMDCs) element) to improve the detec-
tion performance properties of the proposed SPR biosensor 
BK7/LiNbO

3
(10 nm)/Rh(10 nm)/Au(20 nm)/WS

2
/Sensing 

medium.
Figure 8a, b shows the curves of reflectance intensity ver-

sus angle of incidence for a few WS
2
 monolayers (from N=0 

to N=4), when the refractive index of the sensing medium is 
increased from 1.330 to 1.335. The SPR curves have three 
very important characteristics due to its large real part of 
the refractive index: (i) The angular resonance shifts rapidly 
toward the larger �SPR (see Fig. 8c); (ii) as also shown in 
Fig. 8c, during the biodetection process, when the refrac-
tive index of the detection medium increases from 1.330 to 
1.335 ( Δns=0.005), a significant shift of Δ�SPR occurs; and 
(iii) during this time, the full width at half height (FWHM) 
becomes wider due to the loss of electronic energy of the 
WS

2
 layers [54].

The results obtained from optimization of the sensitivity 
as a function of the number of WS

2
 monolayers presented in 

(a) (b)

(c) (d)

Fig. 7   a, b Evolution of reflectance with incident angle in different black phosphorus monolayer (M) [a for n 
s
=1.330, b for n 

s
=1.335]; c Evolu-

tion of the resonance angle and d variation of the Sensitivity with respect to the different number of black phosphorus monolayer (M)
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Fig. 8d show that the highest sensitivity is S = 256 deg/RIU 
and the corresponding FoM is 30 RIU−1 , for the multilayer 
nanostructure at N = 3 monolayer of WS

2
 very large to that 

obtained by the conventional configuration, of correspond-
ing sensitivity of S=128 deg/RIU and FoM=41.76 RIU−1 . 
Figure 8d clearly shows that the WS

2
 layer coating adapted 

to effectively improves the sensitivity of the proposed SPR 
biosensor. The sensitivity enhancement is 100% for N=3 
monolayer of WS

2
.

In contrast to sensitivity improvement, FoM is one of the 
important factors affecting the performance properties of 
biosensing. According to our results, the Ti

3
C
2
Tx-BP-WS

2
 

free nanostructure has the highest FoM. This is due to the 
fact that the energy loss induced by 2D nanomaterials will 
expand the FWHM. As we know, this phenomenon is also 
already reported in other work on 2D material-based SPR 
biosensors [28–31].

The results of monolayer number optimization of 2D 
nanomaterials show that sensitivity is desirable when there 
are many types of 2D nanomaterials added (see Fig. 1). 
The monolayer number optimization method is proposed 

to quickly select the nanostructure for the ultra-sensitive 
biosensor. Figure 9a shows the sensitivity curves for Ti

3
C
2

Tx , BP or WS
2
-based biosensors. The optimized number of 

layers for each of the 2D nanomaterials is selected by the 
maximum value of sensitivity in these nanostructures as 6 
monolayers of Ti

3
C
2
Tx (S=240 deg/RIU), 8 monolayers of 

BP (S=420 deg/RIU), and 3 monolayers of WS
2
 (S=256 

deg/RIU) during the biosensing process, RI goes from 1.330 
to 1.335.

As shown in Fig.  9b, the comparison of sensitivity 
improvements is 87.5%, 228.125% and 100% for the pro-
posed BK7/LiNbO

3
(10nm)/Rh(10nm)/Au(20nm) SPR bio-

sensors, based on Ti
3
C
2
Tx , BP and WS

2
 , respectively.

Figure 10 discusses the nanoplasmonic response of the 
proposed SPR biosensor relative to the refractive index 
of the detection medium for different nanostructures. Fig-
ure 10a shows the reflectance curves of the BK7/LiNbO

3

(10nm)/Rh(10nm)/Au(20nm)/Ti
3
C

2
Tx(2L)/detection 

medium structure when the refractive index of the detec-
tion medium undergoes a slight change from 1.30 to 1.37 
( Δns=0.01). In Fig. 10b, we have shown the relationship 

(a) (b)

(c) (d)

Figure 8   a, b Variation of the reflectance versus the incidence angle 
respect to the different number of WS

2
 monolayer (N) [a for n 

s

=1.330, b for n 
s
=1.335]; c evolution of the resonance angle versus 

the number N; and d variation of the sensitivity with respect to the 
different number of WS

2
 monolayer (N)
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between the plasmon resonance angle and the variable of n s , 
for the nanostructure with 2 monolayers of Ti

3
C
2
Tx , BP or 

WS
2
 , and it is clearly noticed that the resonance angle shifts 

toward the higher values when the refractive index of the 
detection medium varies from 1.30 to 1.37.

(a) (b)

Fig. 9   a Comparative study of sensitivity and b shows the variation of the sensitivity enhancement with respect to the different number of Ti
3
C

2

T
x
/BP/WS

2
 monolayer when the variation of the refractive index of sensing medium is Δn

s
=0.005

(a)
(b)

Fig. 10   a Variation of the reflectance with respect to the incident 
angle when the RI of sensing medium change from 1.30 to 1.37 ( Δn

s

=0.01) for the proposed biosensor with bilayer Ti
3
C

2
T
x
 at �=633 nm, 

b Evolution of the resonance angle with respect to the RI of sensing 

medium for different 2D-nanomaterials Ti
3
C

2
T
x
/BP/WS

2
 bilayer and 

c Variation of sensitivity with respect to the RI of sensing medium for 
the proposed biosensor with different 2D-nanomaterials Ti

3
C

2
T
x
/BP/

WS
2
 bilayer
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In the case of the nanostructure with WS
2
 , the resonance 

appears at a larger angle than in the nanostructure with Ti
3
C
2

Tx or BP. This study clearly shows the quasi-linear response 
of the proposed SRP biosensor for different 2D detection 
nanomaterials, with the dynamic refractive index variation 
of n s=1.30–1.37. Then, in Fig. 10c, we have shown the sen-
sitivity to different refractive index variation of the detection 
medium of a pitch of Δns=0.01 using the results of Fig. 10b, 
and we can see that the sensitivity increases by 420 deg/
RIU for WS

2
 when ns is between 1.35 and 1.36, and by 400 

deg/RIU and 420 deg/RIU for Ti
3
C
2
Tx and BP, respectively, 

when ns is between 1.36 and 1.37.
Figure 11a–f shows the curves of electric field strengths 

versus normal distance from BK7 to the detection medium 
of the different studied mono- and bimetallic multilayer 
nanostructures for the proposed biosensors. The remarks 
made from Fig. 11a–c show that plasmon mode excitation 
depends on the coupling of the incident wave propagating 
in prism free space with the surface plasmon mode field 
at the interface between the metal film and the detection 

Fig. 11   Variation of electric field strength as a function of the nor-
mal prism distance at the interface of different nanostructures pro-
posed for the RI of sensing medium n 

s
=1.330: a BK7/Rh/Au, b BK7/

LiNbO
3
/Rh, c BK7/LiNbO

3
/Rh/Au, d BK7/LiNbO

3
/Rh/Au/Ti

3
C

2
T
x
 , 

e BK7/LiNbO
3
/Rh/Au/PB and f BK7/LiNbO

3
/Rh/Au/WS

2
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medium. It can be observed as shown in Fig. 11 that the 
electric field intensities in the prism part near the metal layer 
(50 nm in the vicinity of the metal layer) are different for 
the six nanometric configurations. In the nanostructure of 
the device studied in this manuscript (see Fig. 1), in the 
vicinity of the interfaces, we have an important variation 
of the refractive indices which causes a large variation of 
the electric field intensity. It can be noticed that the Au film 
progressively improves the field intensity that represents the 
surface plasmon excitation at this interface. Moreover, the 
decrease in the field intensity in the Rh film is governed 
by the large loss coefficient (imaginary part of the larger 
refractive index) [54–56]. In Fig. 11d–f, we observe that the 
highest field intensities come from the Ti

3
C
2
Tx , BP and WS

2
 

interface when the nanoplasmonic effect occurs near these 
interfaces, which improves the sensitivity of the proposed 
biosensors as shown in Figs. 9 and 10. It is obvious that 
the change of the nanoscale layer of the material deposited 
on the Au film will lead to a local change of the surface 
wave, which will further influence the electric field strength 
at this interface (see Fig. 11d, e). As shown in Fig. 11d–f, 
the electric field intensity reached the maximum at 4.5×103 
V/m, 1.4×104 V/m and 9.1×103 V/m, which corresponds to 
the nanostructure with the Ti

3
C
2
Tx layer (L=6), BP (M=8) 

and WS
2
 (N=3), respectively. This shows an increase in field 

strength of 2.27×103 V/m compared to the nanostructure 
without these nanomaterials. At the level of the sensing 
medium, the intensity curve decreases exponentially with 
increasing distance from the interface.

4 � Conclusion

In this work, we have theoretically studied a new SPR bio-
sensor, using a hybrid bimetallic (Rh/Au) nanostructure 
coupled with a prism and a piezo-layer (BK7/LiNbO

3
 ) at 

an excitation wavelength of 633 nm, to improve the biosens-
ing accuracy and stability of our biosensor simultaneously. 
The proposed SPR device has increased sensitivity and FoM 
compared to the monometallic film-based SPR biosensor. 
For the RI detection medium ranging from 1.330-1.335, the 
obtained sensitivity and FoM values are 280 deg/RIU and 
75.71 RIU−1 , respectively. Then we studied the influence of 
various 2D nanomaterials such as Ti

3
C
2
Tx MXene, black 

Phosphorene and WS
2
 are applied on the bimetallic biosen-

sor surface to further enhance the sensitivity. We have shown 
that optimizing the number of monolayers of the coating 
of these three nanomaterials on the SPR biosensor surface 
can increase sensitivity due to its absorption. The values 
obtained are 240 deg/RIU for 6 monolayers of Ti

3
C
2
Tx , 420 

deg/RIU for 8 monolayers of BP, and 256 deg/RIU for 3 
monolayers of WS

2
 ; the sensitivity improvements are 87.5%, 

228.15%, and 100%, respectively, compared to the proposed 

SPR biosensor without nanomaterials on the surface. Due to 
its outstanding detection performance in the long range of 
RI 1.30 to 1.37 and its economical nanostructure and easy 
design, the proposed bimetal multilayer biosensor can be 
used effectively in bio- and chemical nanosensing technol-
ogy and medical diagnostics.
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