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Abstract: Surface plasmon resonance (SPR) sensor based on the blue phosphorene/MoS,
hetero-structure is presented to enhance the performance parameters, i.e., sensitivity, detection
accuracy, and quality factor. The blue phosphorene/MoS, hetero-structure works as an interacting
layer with the analyte for the enhancement of the sensitivity of the sensor. It is observed that the
sensitivity of blue phosphorene/MoS, based sensor (i.e., structure-II) is improved by 5.75%, from the
conventional sensor (i.e., structure-III). Further, an additional silicon nanolayer is introduced
between the metal layer and blue phosphorene/MoS, hetero-structure. The sensitivity of the proposed
blue phosphorene/MoS, hetero-structure with a silicon layer SPR sensor, i.e., structure-I, is enhanced
by 44.76% from structure-II and 55.75% from structure-III due to an enhancement in the evanescent
field near the metal-analyte interface. Finally, it is observed that at the optimum thickness of silicon
between the gold layer and blue phosphorene/MoS,, performance parameters of the sensor are
enhanced.
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1 Introduction

Surface plasmon resonance (SPR) sensors have
garnered attention owing to their unbeatable

properties like high sensitivity, fast response,
real-time detection, ability to detect a very minute
change in sensing layer refractive index, and
label-free detection [1, 2]. These properties make
health,

biosensing application, drug analysis, etc. [3, 4]. The

them wuseful in the areca of medical,
basic idea of SPR sensors is based on surface
plasmons (SPs). SPs are collective oscillating
electrons or electromagnetic waves that are confined

to the thin layer of metals like gold (Au), silver (Ag),
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and aluminum (Al), etc. [1]. They are also called as
surface plasmon polaritons (SPP) or surface
plasmons waves (SPW) [2]. To obtain the SPR
condition, the wave vector of incident light must
match the wave vector of an SPW, and the
reflectance dip is observed at SPR condition in the
reflectance curve due to attenuated total reflection
(ATR). The sensing performance of the SPR sensor
can be obtained from the reflectance curve. The
attachment of analyte or binding of biomolecules on
the sensor surface is one of the important parts of
the sensor for accurate and better performance. In
that regard, graphene has been used as a
bio-recognition element (BRE) because it increases
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the adsorption on the sensor surface [5, 6]. It has
been observed that the adsorption of carbon-based
molecules of the analyte with z-bond of graphene
increases the enhancement of the performance of the
SPR sensor. Also, other two-dimensional (2D)
MoS,, WS,, WSe,, black
phosphorus, and blue phosphorene (blue P) have

materials such as
been noted for sensitivity enhancement [7-10]. 2D
materials with the graphene-based hetero-structure
have been reported for the SPR sensor [11, 12]. It is
seen that hetero-structure based sensors provide a
better sensitivity compared with that of individual
graphene or 2D materials-based sensors [13].
Phosphorene material has been reported for sensing
application [14, 15]. Recently, a hetero-structure of
the blue P with MoS, monolayer is utilized to
enhance the sensitivity due to both materials possess
16]. Due to
hexagonal lattice structures of both, blue P is easily
stacked on the top of MoS,
hetero-structure with the help of Van der Waals
forces of attraction [15, 16]. It is worth noting that

hexagonal lattice structures [13,

and forms a

the lattice parameter of the blue P matches with
the blue P can
especially adsorb the oxygen gas (O,) on its surface
[15]. Hence,
hetero-structure can detect O, gas. In addition, the

MoS, perfectly. In addition,

the presented phosphorene/MoS,

presented structure can detect various viruses after
having suitable linker. Recently, a thin layer of
silicon (Si) over plasmonic metal has been used to
improve the sensitivity of the SPR sensor since it
increases the field intensity of the excitation light at
the silicon—sensing layer interface [6, 10]. The field
intensity at dielectric interfaces increases because of
the high absorption behavior of the metal and silicon
layer. It, as a result, enhances the excitation of SPs
[17, 18]. The objective of the present work is to
explore the sensing capabilities of blue P/MoS,
hetero-structure in the SPR sensor. Further, the Si
layer is incorporated between the blue P/MoS,
hetero-structure  and  gold for  sensitivity
enhancement in the proposed work. The paper is

ordered as follows: Section 2 contains the requisite
theoretical and mathematical background of the
proposed sensor. Section 3 contains discussion on
the comparative study of the obtained results.
Section 4 focuses on the conclusions.

2. Design consideration and theoretical
background

2.1 Design consideration of proposed SPR sensor

The schematic diagram of a proposed SPR
sensor configuration is given in Fig. 1. The operating
wavelength (A1) of the incident p-polarized light
source is considered as 632.8 nm.

(a) Sensing layer (b) Sensing layer (C) Sensing layer
D, — ¢
Blue P/MoS; heterostructure Blue P/MoS; heterostructure Gold metal layer
Silicon layer
Gold metal layer 0
Gold metal layer
P Incident Reflected

beam

. Incident Reflected
Incident Reflected beam beam
beam beam

Fig. 1 Schematic diagram of a proposed SPR sensor
configuration: (a) blue P/MoS; hetero-structure with the silicon
layer SPR sensor, i.e., structure-I, (b) blue P/MoS,
hetero-structure based SPR sensor, i.c., structure-II, and
(c) conventional SPR sensor, i.e., structure-III.

The first layer of the sensor is a light coupling
glass prism (BK7) with the refractive index (RI)
1.5151 [6], and a gold (Au) layer having a thickness
of 50 nm and RI of 0.1726 +1 3.4218 [6, 9] is
attached on the top of a glass prism. In the proposed
sensor, the thickness of the Au layer is selected to
obtain the minimum possible value of reflectance
because this optimization tends to strengthen the
evanescent field. An additional silicon nanolayer
(i.e., the third layer) having RI 3.916 [10] is used
between the metal layer and blue P/MoS; to enhance
the evanescent field near the metal-dielectric
material interface in order to increase the stability
and sensitivity of the sensor [18]. The thickness of
the silicon layer is 2nm. As a fourth layer, a blue
P/MoS, hetero-structure is applied, which is in
direct contact with the sensing layer. The RI of blue
P/MoS, is 2.7915+1 0.335, and the thickness of the
hetero-structure monolayer is fixed at 0.75nm [16].
The last layer of this sensor i.e., the fifth-layer is the
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sensing layer. The refractive index of the sensing
layer is varied between RI of pure water i.e., before
absorption of biomolecules (1.33) and that of impure
water i.e., after absorption of biomolecules (1.36).
Finally, three structures of the SPR sensor are made
by using above defined five layers as shown in
Table 1.

Table 1 Schematic structure of the SPR sensor.

Structure Layer arrangement

Prism/gold/silicon layer/blue P/MoS, hetero-structure/

I .
sensing layer

1I Prism/gold/blue P-MoS, hetero-structure/sensing layer

111 Prism/gold layer/sensing layer

It is worth noting here that the evanescent field
of the surface plasmon wave is highly sensitive
towards any change in thickness, refractive index,
and extinction coefficient. Any change in these
parameters disturbs the wave vector matching
condition of the incident light and surface plasmon
wave which is achieved at a particular angle of
incidence beyond critical angle [6,=sin'(n,/ ny)],
where n;and n, are refractive indices of the sensing
medium and prism. This incidence angle is known
as resonance angle, and the intensity at this angle is
the minimum because the maximum energy is used
to gain the wave vector matching condition. To
regain this wave vector matching condition, one has
to change the incidence angle. This change in the
incidence angle is measured corresponding to the
change in either thickness or refractive index or
extinction coefficient. And after proper scaling, one
can measure the change in thickness, refractive
index, and extinction coefficient by measuring the
change in the resonance angle.

2.2 Mathematical concept for reflectivity

At the metal-dielectric interface, the coupling of
incident light with the SPs wave is given as

2r 27 | E€
~—n_._sinf,,, =real| — /L 1
2, prism SPR ﬂ, gg + €S ( )
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where €, and & are dielectric constants of the
metallayer (gold) and sensing layer, respectively,

and n is the refractive index of the prism. The

angle l[())f the minimum reflectance is called as the
resonance angle or SPR angle (6, ), at this point,
SPR curve dip is obtained. This SPR curve dip
changes by changing the RI of the sensing layer.
Let’s take a generalized N-layer model to
produce an SPR curve for the configuration of the
SPR sensor as shown in Fig. 1. For calculating the
reflectivity of the reflected light of the N-layer
model, the transfer matrix method is applied. This
method is efficient, and no approximations are
considered. The first boundary tangential fields are
related to the final boundary by the relation as [18]

Xl _ XN—I _ XN—I
= A AA A, A )
}]1 YN—I YN—I

where X; and Y, represent the tangential components
of electric and magnetic fields respectively at the
boundary of the first layer, and Xy ;and Yy, are the
corresponding fields at the Nth layer. For P
polarized light, the characteristic matrix of the
combined structure of the sensor is denoted by 4;; as

A, 4
A[A — HN_—lA ) :|: 117712 } (3)
’ ( ot )Ij A21A22
isin(B /
with 4, :[ .cos fB" isin(f, Clk)} @
—ig, sin f3, cos 3,
where q,=(u, /&) "cosb, , and

21
B, =7nk cosb, (d,).

One can get the value of the reflection
coefficient for p polarized light by driving some
mathematical steps as follows:

y = (An + Alzq,,)ql _ (A21 + Azzqn) )
! (All + AIan )ql + (AZI + A22qn)

Finally, the reflectivity R of the given multilayer

)

structure is directly related to the reflection
coefficient as follows:

R=r, . (6)
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2.3 Performance parameter

The sensitivity (S) of the proposed SPR sensor is
computed as the ratio of change in the SPR
resonance angle 06, to minute change in the

refractive index of sensing medium (Jn, ). Therefore,
§HSPR
n

s

[8]. Actually, the total sensitivity (Sir) of the
surface plasmon resonance depends on both the

the sensitivity (degree/RIU) is given as S =

change in the refractive index and molecular
interaction behavior of the sensing medium on the
top layered nanomaterial. Hence, the complete
definition can be given as

Soa =S-E (7)
where E represents the absorption efficiency of the
antigen or antibody. In this paper, only § is
targeted to observe. Detection accuracy (D.A.)

%, where 06,,
06, ’

full width at half maxima (, ) of reflectance curve.

is given by is the

D.A. is a unitless parameter. Quality factor (RIU™)

depends upon ¢,, and

Itis givenby Q= % [9].
0.5

sensitivity.

3. Results and discussion

The aim is to see the effect of the absorbance of
biomolecules on the sensing surface. The reflectance
curves for structure-I, i.e., the proposed SPR sensor,
structure-I1, i.e., the SPR sensor without silicon, and
structure-III, i.e., the conventional SPR sensor
before and after the adsorption of biomolecules, are
shown in Fig.2. It can be said that as the RI of
sensing layer changes from that of pure water to that
of impure water (1.33 to 1.36), the reflectance dip
change towards a higher value of &, . Figure 2
depicts the change in 06,,, before and after the
adsorption of the analyte. In Fig.2, 06, is 6.92",
478°, and 4.52° for structure-I, structure-II, and
structure-I11, respectively. This shift in the resonance
angle is summarized for structure-I to structure-III in
Table 2. It is observed that structure-l has the

highest change in the resonance angle which results
in a higher sensitivity. Further, the quality factor and
detection accuracy are also analyzed. It is also seen
that the inclusion of blue P/MoS, hetero-structure
and silicon layer increases the value of &,; due to
the damping of the surface plasmon [8, 10, 16]. In
structure-I, the detection accuracy and quality factor
are slightly decreased compared with those of
structure-Il and structure-III. The obtained results
are arranged in Table 3.

1.0

09 __/r

0.8

0.7 +

0.6 |

0.5 F

0.4 +

Reflection intensity (a.u.)

0.3 Structure-I before adsorption at 1.33
------- Structure-I after adsorption at 1.36
Structure-1I before adsorpt{on at 1.33
——————— Structure-II after adsorption at 1.36
Structure-I1I before adsorption at 1.33

------- Structure-I1I after adsorption at 1.36

L L L f -1 L

! 35 40 45 50 55 60 65

Incidence angle ()
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Fig. 2 Reflectance curves for structure-I, structure-II, and
structure-III, at the operating wavelength 632.8 nm before and
after the adsorption of biomolecules on the sensor surface.

From Table 3, It is observed that the maximum
sensitivity is obtained for the proposed sensor
structure 1.e., structure-I with the moderate detection
accuracy and quality factor.

Figure 3 indicates the variation in sensitivity
with increasing RI of the sensing layer for all the
SPR sensor structures. For structure-I, the sensitivity
increases with an increase in the RI from 60 /RIU at
RI of pure water to 291 /RIU RI of impure water,
for structure-II from 45.33 /RIU to 204.66 /RIU and
for structure-III from 43.33 /RIU to 194 /RIU. In
this figure, the sensitivity is enhanced for the
proposed sensor, i.e., structure-I in comparison with
structure-II and structure-III. Since the extinction
coefficient is responsible for the absorption of the
wave in structure-I due to the blue P/MoS, layer.
Thus, it disturbs the wave vector matching condition
more with respect to other two structures. Structure-I
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has a larger shift in the resonance angle because the
evanescent field maximizes into the sensing layer by
an introduction of blue P/MoS, hetero-structure and
silicon layer.

Sensing layer’s refractive index

modifies the propagating conditions for the

evanescent field which in turn produces a significant

Photonic Sensors

change in propagation waves of SPs leading to a
larger resonance angle shift [9].
P/MoS,
without the silicon layer, an

However, for
hetero-structure
in the
compared with that of

structure-II i.e., blue
increase
sensitivity is  less
structure-I.

Table 2 Comparison table for the change in the resonance angle for structure-I, structure-I1I, and structure-III.

Structure-1

Structure-11

Structure-I1I

Resonance angle Resonance angle Shift in Resonance angle Resonance angle Shift in Resonance angle Resonance angle Shift in
of pure water  of impure water resonance of pure water  of impure water resonance of pure water  of impure water resonance
(before (after angle (before (after angle (before (after angle
adsorption) adsorption) (06kspr ) adsorption) adsorption) (06spr ) adsorption) adsorption) (66spRr )
75.74 82.66 6.92 71.31 76.09 4.78 70.52 75.04 4.52

Table 3 Comparison table for sensitivity, detection accuracy,
and quality factor.

Sensor structure S?x/;l?(\%ty Ef;ii:g; Qu?;?{;?; tor
Structure-I 230.66 1.04 34.58
Structure-II 159.33 1.08 36.29
Structure-IIT 150.66 1.19 39.75

300 T T T T
IO Structure-I —#— Structure-Il —&— Structure-IIl

Sensitivity (/RIU)

T
1.330, 1.335;

T T T T
1.340 1.345; 1.350 1.355] 1.360,

Sensing layer refractive index

Fig. 3 Variation of sensitivity as a function of the sensing
layer’ refractive indices for structure-I, structure-II, and
structure-III.

Figures 4 and 5 depict the variations in detection
accuracy and quality factor with the sensing layer RI
for structure-I, structure-II, and structure-III,
respectively. It can be observed from Fig.4 that the
detection accuracy increases with sensing layer RI
for all three structures. It is also seen that structure-I

shows a lower detection accuracy due to the broader

reflectance curve or higher value of J,;. The
broadness in the reflectance curve is due to plasmon
damping, and this similar behavior has already been
reported by Pockrand et al. [19]. Therefore, the
addition of blue P/MoS, hetero-structure and silicon
layer enhances the sensitivity as shown in Fig. 3,
at the
curve.

it broadens the
P/ MOSZ
hetero-structure and silicon layer affect the detection

however, same time,

reflectance Therefore, blue
accuracy as shown in Fig.4. It can be observed from
Fig. 5 that the quality factor increases with an
increase in RI of the sensing layer for all three
structures.

1.3 T T

1.2+

Detection accuracy

w  Structure-l g  Structure-Il —a—  Structure-III

02 T T T T T
1.330 1.335 1.340 1.345 1.350 1.355 1.360

Sensing layer refractive index

Fig. 4 Variation of the detection accuracy as a function of the
sensing layer refractive index for structure-I, structure-II, and
structure-I11.
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Quality factor (RIU™")

1—=— Structure-1 ~—#— Structure-ll —a&—  Structure-IIl

T T T T T T T T T T T
1.330 1.335 1.340 1.345 1.350 1.355 1.360
Sensing layer refractive index

Fig. 5 Variation of the quality factor as a function of the
sensing layer’ refractive indices for structure-I, structure-II, and
structure-I11.

observed that blue P/MoS,
hetero-structure and silicon layer-based sensor i.e.,

It is also

structure-I lead to a reduced quality factor because
the quality factor is a linear inverse function of &5,
so the maximum J,, indicates a lower quality
factor. The observation of the effect of the silicon
layer thickness on the proposed SPR sensor, i.e.,
structure-I, is summarized in Table 4. At a fixed
wavelength, it is observed that the sensitivity
increases with an increase in the silicon layer
thickness up to 2.5nm while the detection accuracy
and quality factor decreases for the proposed sensor,
i.e., structure-I. Therefore, a silicon layer thickness
of 2.0 nm is used because, at this thickness, the
quality factor and detection accuracy are moderate
with the high sensitivity.

Table 4 Effect of the silicon layer thickness at the operating
wavelength 632.8 nm on the sensitivity, detection accuracy, and
quality factor of the proposed SPR sensor, i.e., structure-1.

Thickness of Sensitivity Detection Quality factor
silicon layer (nm) (/RIU) accuracy (RIU™Y)
0.0 159.33 1.08 36.29
1.0 185.33 1.03 34.44
1.5 205.00 1.02 34.28
2.0 230.66 1.04 34.58
25 247.66 1.00 33.42
3.0 153.00 0.56 18.72

In Fig. 6(a), the surface plasmon resonance
curves are plotted for various numbers of layers of
blue P/MoS, heterostructure (L) at the thickness of
the silicon layer at 2.5 nm. It is seen from Fig. 6(a)
that the surface plasmon resonance curves become
shallower and broader as L increases from 1 to 10.
This is just because of the non-zero extinction
coefficient of blue P/MoS, hetero-structure which is
responsible for reducing the propagation velocity of
the electromagnetic wave in it with respect to
sensing medium [19]. This decrement in the velocity
is responsible for the damping of surface plasmon in
the blue P/MoS; hetero-structure [19]. On increasing
of blue P/MoS;
thickness and effective

the number of layers
hetero-structure, the
extinction coefficient increase, as a result, the
damping of surface plasmons enhances. Due to the
damping of surface plasmons, resonance curves
become broader and shallower. The broadening and
shallowing of the resonance curve increases with the
number of blue P/MoS; hetero-structure which can
be clearly observed from Fig. 6(a). Further, the
sensitivity, detection accuracy, and quality factors
are calculated corresponding to the resonance curves
in Fig. 6(a) and plotted in Fig. 6(b) for L=1to L =6
at the thickness of the silicon layer at 2.5 nm. It can
be observed from Fig. 6(b) that the sensitivity is the
highest for the bilayer blue P/MoS; hetero-structure
but the detection accuracy and quality factor
decrease with respect to monolayer. Beyond L = 2,
the performance of the sensor decreases in all
respect, i.e., the sensitivity, detection accuracy, and
quality factor. One can observe from Fig. 6(a) that
beyond L = 6, the SPR dip is very broad because of
increased damping, due to which the minimum
reflection intensity could not be calculated exactly.
Hence, the results in Fig. 6(b) beyond L = 6 are not
useful at all. Hence, it can be said that the
monolayer blue P/MoS, hetero-structure has the best
performance. One can choose bilayer blue P/MoS,

hetero-structure, but with reduced detection
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accuracy and quality factor. Transverse magnetic
(TM) field intensity is obtained for structure-I,
structure-11, and structure-III by using the transfer
matrix method, which is shown in Figs.7(a) to 7(c).
It is clear from Fig.7 that field distributions are in
the expected shape.

1.0

0.8{——L=1
E —L=2
& L=3
£ o06l{—r=4
Z
8 L=5
£ L=6.
=
Ag 0.4 L=7"
3 =
] —L=8
& L=9 1
02——L=1
atn, =133
- atn.=1.36
0 s " s L s
60 65 70 75 80 85 90
Incidence angle (°)
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280- T T T T 1.2 40
240 10 r35
200 r30
=) 08 =)
& £ 25 &
2 1601 3 g
z 06 £ f20 3§
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'é 1204 g >
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“ 04 & g
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40 —+—Detection accuracy 0.2 5
—a—Quality factor \.‘
0 T —— T ———0.0 ‘0
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Number of Blue P/MoS, hetero stru cture layer (L)

Fig. 6 Effect of increasing the number of blue P/MoS,
hetero-structure layer on: (a) surface plasmon resonance curve
and (b) sensitivity, detection accuracy, and quality factor.
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Fig.7 TM field intensity as a function of distance normal to
the interface at the sensing layer refractive index of 1.33, for the
SPR sensors based: (a) structure-I, (b) structure-II, and
(c) structure-I11.

4. Conclusions

The proposed blue P/MoS, hetero-structure
based SPR
performance

sensor confirms a fairly good

parameter, compared with a
conventional SPR sensor. It is found that a
significant increase in the sensitivity from
150.66 /RIU to 230.66 /RIU is observed in
comparison with the conventional SPR sensor after
utilizing blue P/MoS, hetero-structure. Further, an
additional silicon nanolayer of thickness 2.0 nm is

used between the metal layer and blue P/MoS,, and
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a significant increase in the sensitivity with a
moderate quality factor and detection accuracy is

observed. It concludes that the thickness of
the siliconlayer plays a wvital role in SPR
sensor performance, and it is found that

2 nm thickness is best suited for the good

performance of the proposed SPR sensor.

Therefore, the proposed sensor could find potential
applications in the area of biosensing and gas
sensing.
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