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Abstract

In this study, an angular interrogation technique has been used for modeling a highly sensitive surface plasmon resonance
(SPR)based biosensor. The large surface area of the heterostructure of the blue phosphorene (BP/MoS,) layer facilitates the
biomolecules absorption. A four-layer Kretschmann model of the SPR biosensor containing the BP/MoS, heterostructure
with a gold layer is proposed. Compared to the traditional gold filmbased SPR biosensors, the sensitivity of the proposed
SPR biosensor has been significantly improved. An enhanced sensitivity 224.57°/RIU has been achieved by optimizing the
proposed structure with 50 nm thick gold layer and a monolayer of heterostructure BP/MoS, with a thickness of 0.75 nm.
Moreover, the proposed BP/MoS, heterostructure offers extremely small FWHM, high detection accuracy, and highquality
factor parameters. The highest sensitivity of 252°/RIU was found with two-layers of BP/MoS, heterostructure configuration.
It is observed that, compared to previously reported sensitivity, the proposed SPR biosensor shows better results.

Keywords Surface plasmon resonance - Heterostructure - 2D nanomaterial - Biosensor - Kretschmann configuration -
Sensitivity

1 Introduction

In nano-photonics, plasmonics is a discipline that has played
a major role and achieved incredible attention in sensing
applications for the last two decades [1]. The concept of sur-
face plasmon resonance (SPR) was reported in 1902, how-
ever, the scientific community has not provided a complete
explanation of this phenomenon. In 1968, Kretschmann,
Raether, and Otto suggested a couple of configurations of
plasmon excitement and its concept demonstration [2, 3].
Surface plasmons (SPs) are commonly known as the waves
of electron density that propagate at the metal-dielectric
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interface. Incident photons or electrons are oscillated with
free electrons on the metal surface to form a resonance
allowing the generation of surface plasmon waves.

The s-polarized light (TE waves) can serve as a refer-
ence signal whereas p-polarized light (TM waves) assists
the excitation of surface plasmons. Appropriate dispersion
diagram indicates that when the horizontal part of the inci-
dent light wave-vector K, (represent the evanescent wave
vector) approaches toward the surface plasmon wave-vector
(Ksp), the SPR arises as:

KX = Konp Sln einc = KSp (1)

where the incident wave vector is denoted by K, in free
space while 6;,. is the angle of incidence, which is also
known as the angle of SPR or angle of resonance. It can be
observed from the numerical calculations that at 633 nm
wavelength of the incident light, by scanning the angle of
the incident and monitoring the reflectivity, SPR dip curve is
obtained. At the angle of resonance, nearly zero reflectivity
is achieved. Some part of optical energy converts into SPW
resonance energy during excitation of SPW, which led to a

dramatic decrease in the reflected power.
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For the SPR biosensing angular interrogation process, the
SPR angle serves as an effective output signal. The electro-
magnetic SPR field is redistributed due to changes in the RI
(refractive index) of the sensing layer induced by the adsorp-
tion of biomolecules to the sensing surface. SPR is a highly
sensitive and durable method [4], while there are various
sensing methods such as photoluminescence, interferometry,
and Doppler effect used for sensing applications. Among
all, SPR is an effective technique for real-time detection and
has various applications in electrochemistry, life science,
environmental safety, and food detection. The main benefit
of SPR is that a slight improvement in the RI of the dielec-
tric medium (~ 1077 order) can be observed [5]. It can be
divided into three groups (i) surface plasmon (SP) (ii) bulk
plasmon, and (iii) localized surface plasmon (LSP) [6]. A
prism coupling based SPR sensor working on the concept of
attenuated total reflection (ATR) has been explored in sev-
eral sensing applications [7]. In ATR configuration, accord-
ing to the principle of energy conversion, the amount of
absorption (A), reflectance (R), and transmittance (T) must
be equal to unity (i.e., A+R+T=1). Assuming no energy
loss in addition to material absorption, T is always equal to
zero under the ATR condition, so the device absorption can
be reduced to A=1—R. The reflectance R steadily decreases
when the SPs are excited until it reaches a minimum. To
obtain the highest SPR performance, the maximum incident
light energy is transferred to the evanescent wave [8].

Further, the fiber optic-based sensor has advantages of
small size, versatility, low spread loss in single-mode, sen-
sitivity enhancement, and handling of the evanescent area,
but it has demerits such as complexity of production, cost,
higher multimode spread losses, etc. [9]. While the prism-
based SPR sensor has a low multi-mode spread loss, the
manufacturing technique is also simple. The metal layers are
easily integrated with the flat structure of the prism. Thus,
the performance of the prism coupling based SPR sensor is
reliable.

Graphene and transition metal dichalcogenides (TMDC)
have enormous sensing characteristics such as outstanding
mechanical and thermal conductivity, optical transparency,
large volume-to-surface ratio. To increase the sensitivity,
efficiency factor, and detection accuracy of the SPR sen-
sors, the elevated surface area to volume ratio is very helpful
[10-13]. However, researchers are currently concentrating
on newly formed 2D nanomaterials such as Blue Phos-
phorene (BP), Black Phosphorene (BLP), PtSe,, BaTiO;,
MXene, and heterostructure 2D nanomaterials. The com-
bination of BP and other 2D materials forming heterostruc-
tures have been found as excellent candidates for enhancing
the optical and electrical properties, stability, and sensitivity
of the material [14].

An updated Kretschmann configuration of the SPR
sensor using the Au and heterostructure BP/MoS, layer

is suggested in this paper to study the impact on perfor-
mance. We assume that the wavelength of the monochro-
matic light source is constant (633 nm) while the incidence
angle varies. This is recognized as the method of angle
interrogation [15]. In this work, sensitivity enhanced SPR
sensor configuration employing 2D material such as het-
erostructure BP/MoS, with gold (Au) layer and CaF, glass
prism has been presented. For the theoretical analysis, we
have employed the Fresnel formulation and transfer matrix
method (TMM). We observed that the proposed sensor
exhibits enhanced sensitivity compared to the conventional
gold film based SPR sensor. The optimized sensitivity
magnitude of 224.57°/RIU has been obtained in angu-
lar interrogation method. Further, the highest sensitivity
252°/R1IU is obtained with two layers of heterostructure
BP/MoS,. The reported sensitivity is better than many
important studies related to the state-of-the-art (as shown
in Table 2).

2 SPR Sensor Structure and Mathematical
Modeling

2.1 Structure of the Proposed SPR Sensor

The proposed SPR biosensor is a four-layer system, which
is based on Kretschmann configuration (Fig. 1). The par-
ticular operating wavelength (633 nm) provides optimum
sensitivity along with negligible Kerr effect [16]. BP/
MoS, heterostructure is directly in contact with the sens-
ing layer and CaF, is used as prism whereas Gold (Au)
layer is sandwiched between CaF, prism and BP/MoS,
heterostructure.

Sensing Layer (ns)

Gold film

P-polari light
polarized lig Photodetector

Proposed SPR Biosensor

Fig. 1 Proposed device structure of SPR biosensor
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2.1.1 First Layer: CaF, Prism for Light Coupling

ATR geometry is used for the study of the output resonance
curve. The sensitivity of the SPR sensor is also varied with
changing the refractive index (RI) of the prism without
changing the other parameters [17]. The CaF, prism has
a low RI (np= 1.4329) at wavelength 633 nm, which can
achieve higher sensitivity [18]. It is found that the refrac-
tive index of the prism is an important factor that affects the
sensitivity of SPR sensor. The key region is to reduce the
n,, value of the glass prism till the resonance position lies in
the measurable higher incident angle region and increase the
sensitivity of the sensor system. As a result, detection accu-
racy, quality factor and limit of detection (smallest detect-
able change in the refractive index of sample) will improve,
and much lower concentrations of biomolecules can be
detected. Thus, the angular sensitivity of the SPR sensor
has enhanced [19]. The optical nonlinearity increases with
increased frequency, so light wavelength 633 nm is used.
Moreover, the sensitivity of the sensor is improved to the
minimum possible Kerr effect at wavelength 633 nm [20].

2.1.2 Second Layer: Metal Layer

In SPR sensors, various transition metals (Au, Ag, Al, Cu,
etc.) are used but each metal provides a different perfor-
mance of the SPR sensor in various ways. Gold (Au) is the
most preferred metal due to its good oxidation resistance,
stability, higher performance, etc. Au is also a more suitable
metal for the generation of SPs because they provide a sharp
resonance curve. The RI and dielectric constant (g,,) of the
Au metal layer calculated with help of the Drude-Lorentz
model [21] are:

n= /e = [1 —an, / xﬁ(xcm)] 2 @)

Here A and A, are collision and plasma wavelengths hav-
ing value 8.9342x 10° m and 1.6826 x 10”7 m respectively
[22].

2.1.3 Third Layer: Blue Phosphorene/MoS,

MoS, and BP are 2D layer nanomaterials with lattice con-
stants 3.164 A and 3.268 A respectively. When these 2D
nanomaterials are aligned with strong van der Wall force
then it forms a new type of 2D nanomaterial called hetero-
structure [12]. It is basically combination of conventional
2D nanomaterial (BP) with transition metal dichalcogenides
(MoS,). Heterostructure BP/MoS, has higher energy band-
gap, work function, charge transfer, mobility and optical
absorption compared to conventional 2D nanomaterials.

@ Springer

The work function of Au and heterostructure BP/MoS, are
5.54 eV and 5.02 eV, respectively [23]. The work function
difference causes, the efficiency of charge transfer to the Au
layer surface is increased, thus the generation rate of surface
plasmons at metal-dielectric interface are increases. Hence
the sensitivity of SPR sensor also enhanced. The refractive
index (RI) of heterostructure BP/MoS, is 2.7915 +0.355%*i
at wavelength 633 nm [24, 25].

2.1.4 Fourth Layer: Sensing Medium (1.330-1.340)

For the proposed SPR sensor refractive index of the sens-
ing medium(ngy,) is assumed to be ngy=1.330+ An, where
An=0.002 is the RI shift of the sensing medium with the
heterostructure BP/MoS, due to the interaction of the bio-
molecules. When sensing sample contained biomolecules
interact heterostructure BP/MoS, layer, they are adsorbed
on it, contributing to the development of a biomolecular
monolayer with modified RI as An+ 1.330. The RI of the
sensing layer is varied from 1.330 to 1.340 for the proposed
SPR sensor.

2.2 Mathematical Modeling of Proposed SPR Sensor

In the present study Fresnel equation for multilayer struc-
ture and transfer, matrix have been used to investigate the
reflectivity of the SPR sensor [26]. To obtain the expression
of reflected light intensity of p-polarized light, we consider
a multilayer (N-layer) model, and the layers along the z-axis
are also thought to be at stake. Each layer has a thickness d,,
permittivity py, refractive index ny_ and dielectric constant g.
Here the suffix k represents the prism, metal, heterostructure
layer, and sensing medium. The layers are often known to be
uniform, isotropic, and non-magnetic. The relation between
the tangential field at the initial boundary (Z=Z2,=0) to the
final boundary (Z=7Zy_,) is defined as [27]:

Pry _ v P
<Q1 ) - M‘J(QN_I ) ®

Here P, Q; and Py_;, Qy_; represent a tangential com-
ponent of the electric and magnetic field at the first and last
(Nth) boundary, respectively. The characteristic matrix (Mij)
of the combined structure is written as [27]:

- N-1
M, M
Mi' — 11 12 ] — M (4
T [My My, KH=2 « )
where,
_ cosP,  —iSinf,/qy
M= | —iq Sinpy,  Cosf, )
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(g — nfSlnze)1 2nd, S =
. 1/2 = —
qx = . K= 7» (& — n?smze) / (6) An ®)
k

Here 0 and A are the incident angle and wavelength of
the p-polarized light at the base of CaF, prism. The value
of reflectance (R) for p-polarized light at various incident
angles can be calculated with the help of the total reflec-
tion coefficient (Rp). Hence reflectance (R) is calculated
by R=’RP| 2 and R, defines as:

_ [(Mll + M12gN)ql — (M21 + M22gN) o

P71 (M11 + M12gN)ql — (M21 + M22gN)

The performance of the proposed SPR sensor is calcu-
lated from SPR curves which depends on various impor-
tant parameters, such as sensitivity (S), detection accuracy
(DA), full width at half maximum (FWHM), and figure of
merit (FOM). “MATLAB 2019a” software was used for
the simulation results.

3 Performance Parameters of the SPR
Sensor

The performance of the SPR sensor depends upon the fol-
lowing three parameters: sensitivity (S), the figure of merit
(FOM), detection accuracy (DA) is shown in Fig. 2. The
reflectance (R) depends on the variation of RI (An) with
a change in resonance angle (A0) in the sensing medium.
The sensitivity of the SPR sensor is given by [28].

2.5
Au(50nm)-BP/MoS,(1L) o
_ 2.0 .
g ./
=2 ,
=
&0 1.5 -
«
@ °
W
i~
£ 1.0 7
= )
0.5 - .
o~
0.0 -
I | ) I I I
0 2 4 6 8 10

Change in RI [RIU x 107 |

Fig.2 Change in RI of the sensing layer corresponding change in a
shift in resonance angle of proposed SPR biosensor [Au (50 nm)-BP/
MoS, (1L)]

where AB and An are changing in resonance angle and
refractive index respectively.
From the reflectance curve, FWHM is given by:

FWHM = 6, — 6, )

Here, 6, and 6, are resonance angles at 50% reflectance
measured from the resonance curve.

Detection accuracy (DA) is inversely proportional to
FWHM which is given by [28]:

A = |
FWHM

(10)

Quality factor (QF) or figure of merit (FOM) is an impor-
tant parameter to examine the performance of SPR sensor
[28] and given by:

QF = FOM = S x DA (11)

4 Simulation Results and Discussion

4.1 Preliminary Analysis of Gold (Au) Based
Conventional SPR Sensing Without
Heterostructure of Blue Phosphorene/MoS,

Figure 3a shows the reflectance curve for RI (n) of the sens-
ing medium. The values of RI varying from 1.330 to 1.340
with change An=0.002 at wavelength 633 nm. Plot 3(a)
suggests that sensing possibilities are feasible for a broad
range of analytes using the proposed sensor scheme. For ng
values of 1.330-1.340 (Any=0.002), the resonance angle
(Bgpr) values are 79.02°,79.41°, 79.82°, 80.23°, 80.66° and
81.01°, respectively. Thus, the average shift of SPR angle
(ABgpg) for conventional SPR sensors is 0.4044°. There-
fore, the sensitivity calculation by Eq. (7) reveals that the
sensitivity of the conventional SPR sensor is 202.02°RIU~".
FoM and DA values derived from the Egs. (9) and (10) are
32.188°RIU~" and 0.159 deg™' respectively while Fig. 3b
provides the information about the slope and it corresponds
to a variation of SPR angle with RI, which also gives the
resultant sensitivity of conventional SPR sensor.

4.2 Analysis of SPR Sensing with Heterostructure
of Blue Phosphorene/MoS,

Figure 4a shows the reflectance curve for RI (n,) of the
sensing medium. The values of RI are varying from 1.330
to 1.340 with change An=0.002 at wavelength 633 nm.
Figure 4a illustrates that sensing possibilities are feasi-
ble using the proposed sensor system for a wide variety

@ Springer
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Fig.3 a Represent the reflectance curve b Sensitivity variation for
conventional SPR sensor

of analytes. For ng values of 1.330, 1.332, 1.334, 1.336,
1.338 and 1.340, the resonance angle (O5pg) values are
80.02°, 80.45°, 80.88°, 81.32°, 81.80° and 82.27°, respec-
tively. Thus, the average shift of SPR angle (ABgpg) for
conventional SPR sensors is 0.449°. Therefore, the calcu-
lations with Eq. (7) show that the sensitivity of a conven-
tional SPR sensor is 224.57°RIU~!. FoM and DA values
derived from the Egs. (9) and (10) are 36.171°RIU"! and
0.161 deg™' respectively.

Figure 4b provides information about the slope corre-
sponding to the variation of RI with the SPR angle, which
also gives the resultant sensitivity of the proposed SPR sen-
sor. After adding 2D material heterostructure BP/MoS,,
the sensitivity of the proposed SPR sensor increases up to
11.2%, due to which overall effective RI increases, thus the
shift in resonance angle increases which ultimately results in
an increase in FoM as well as DA. Table 1 displays the com-
parative sensitivity, DA, and FoM review of the traditional
SPR biosensor with the proposed SPR biosensor.

@ Springer
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Fig.4 a Represent the reflectance curve b sensitivity variation for the
proposed SPR sensor

4.3 Effect of Increasing the Number of Layers
of Heterostructure Blue Phosphorene/MoS,

Figure 5a shows the variance of the number of layers (B) of
the heterostructure BP/MoS, at a fixed thickness of 50 nm
Au surface, corresponding to the resonance angle changes.
As a result, the sensitivity of the proposed sensor also
improves. When the number of layers varies, the dip of the
reflectance curve is shifted. Thus, the sensitivity, DA, and
FoM parameters also change.

From Fig. 5b, the monolayer (B =0.75 nm) of hetero-
structure BP/MoS, with fixed 50 nm Au layer gives the
sensitivity 224.57°RIU~!. Now, we are increasing the
thickness of the 2D material layer (d=0.75 nm x L), where
L is the layer thickness of heterostructure BP/MoS,, then
sensitivity also increases up to 252 °RIU~!. Figure 5b,
clearly indicates that sensitivity increases (224.57°RIUTY)
for 1 layer, becomes maximum (252°RIU Yy at 2 layers and
then continually decreases for 5 layers of heterostructure
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Tab]e 1 Sensor structures and SPR sensor structure ~ An Algpp (deg)  Sensitivity FWHM (deg) DA (deg™) QF (RIU™Y)
their performance parameters (°RIU~Y)
CaF, 0.002  0.404 202.02 6.2762 0.1593 32.188
Prism+ Au+ Sens-
ing medium (Con-
ventional)
CaF, 0.002  0.449 224.57 6.2091 0.161 36.17
Prism+ Au+BP/
MoS, + Sensing
medium (Proposed)
(a) (L =2) of heterostructure BP/MoS, in proposed SPR
1.0+ sensor.
0.8 -
= 4.4 Effect of Variation with a Thickness of Gold (Au)
<
= 0.6 Layer
z
g 044 Figure 6a displays the variation of reflection with reso-
o — B nance angle by changing thicknesses of the gold layer from
02]—B= 30-65 nm and keeping the thickness of the monolayer heter-
—B=3 ostructure BP/MoS, constant (0.75 nm). By changing several
B layers, the sensitivity of the proposed sensor increases. Thus,
0.0 - B=5 -
the sensitivity, DA, and FoM parameters also change. From
7 75 80 85 % Fig. 6b, it is found that sensitivity increases with increas-
Incidence angle [deg] ing metal layer thickness from 30 to 55 nm. Beyond 55 nm
layer thickness decrement of sensitivity has been observed.
(b)270_ The maximum sensitivity (252°RIU7Y) has been observed
at 50 nm thickness of the Au layer with two layers (L=2) of
240 - g 2F ™ e BP/MoS, which is in good agreement with recently reported
o~ S - results from other workers. Therefore, we have taken the
= 210 S=252°RIU" N " 50 nm optimum thickness of the Au layer [29, 30].
E N The optimized sensitivity is found to be much greater for
s 180
z S the proposed SPR sensor than all the sensor schemes cur-
£ 1504 \ rently reported and compared in Table 2.
g \
w
120 \
\
90 .
" % 5 Conclusion
60— T T T T . . . .
1 2 3 4 5 This paper introduces a new design for the low RI prism

Number of BP/MoS,layers [L]

Fig.5 a Reflectivity with incident angle b Sensitivity variations with
several BP/MoS, layers for the proposed SPR sensor

BlueP/MoS,. The higher carrier confinement, transfer of
charge carriers and decreasing of light utilization rate from
heterostructure BP/MoS, layer to Au layer. The work func-
tion difference between BP and MoS, nanomaterials also
causes the variation of sensitivity. Therefore, the maxi-
mum sensitivity 252°RIU~! is optimized for two layers

SPR biosensor, heterostructure BP/MoSzy and Au metal. The
proposed sensor shows improved sensitivity compared to the
traditional gold film SPR sensor and other reported work.
This study optimizes the thickness of the BP/MoS, hetero-
structure layers. The maximum sensitivity of the proposed
SPR biosensor is 252°RIU~!, the FWHM is decreased to
6.2091° and the FoM is increased to 36.17°RIU" in angu-
lar interrogation mode because of the optical property com-
ponents. Our proposed high-sensitivity SPR sensor may
a suitable candidate for medical diagnosis and biological
applications.
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Fig.6 a Reflectance curve shift with incidence angle b Variation of

sensitivity with metal thickness for the proposed SPR biosensor

Table 2 Comparison of the sensitivity of the proposed sensor with

different reported prism-based SPR biosensors

60

SPR sensor configuration Wave-  Sensitivity References
length
(nm)
Prism/Au/Si/MoS,/SM 633 131.70 [30]
Prism/Au/MoS,/Au/G 633 182.0 [31]
Prism/Au/Si/MoS,/Au/Graphene/ 633 210.0 [32]
SM
Prism/Au/WS,/Graphene/SM 633 95.71 [33]
Prism/Au/MoS,/Ni/Graphene/SM 633 229.0 [34]
Prism/Ag/Franckeite 633 188.0 [35]
Prism/Ag/WS,/Ni/Graphene/SM 633 243.31 [36]
Prism/Au/heterostructure BP/ 633 252.0 This study

MoS,/SM(Proposed)
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