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Abstract

The main role of blood plasma is to transport proteins, hormones, and nutrients to certain parts of the body. All blood con-
stituents are carried by blood plasma through the circulatory system. Cells get rid of waste products into the plasma. In this
paper, we present a surface plasmon resonance (SPR) biosensor based on a black phosphor (BP) layer to improve the sensor
performance. The black phosphor layer is employed as an interacting medium with the sensing medium for the improvement
of the sensor sensitivity. The sensor is employed for the detection of blood plasma. Four metals are used: silver (Ag), gold
(Au), copper (Cu), and aluminum (Al). We found that structures with the BP layer have better performance than those without
a BP layer. Cu-structure has shown the highest sensitivity while the Ag-structure has shown the highest quality factor and
detection accuracy and the lowest FWHM. As the concentration of the plasma increases, the sensitivity can be enhanced.

Keywords Surface plasmon resonance - Plasma concentration - Sensor - Black phosphor - Sensitivity

Introduction

Surface plasmon resonance (SPR) is a powerful optical
technique that is utilized in enzyme and chemical detection,
medical diagnostics, and the safety of food [1-4]. These SPR
approaches have been widely utilized to detect a variety of
physical and biological markers quickly and accurately. The
attenuated total reflection (ATR) approach, in which trans-
verse magnetic (TM) incident radiation stimulates a surface
plasmon wave along with the dielectric-metal interface, can
be employed in the majority of SPR-based sensors. In ATR
configurations, a thin layer of metal is usually deposited on
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the base of a prism [5]. One of the most important aspects of
creating SPR-based applications is the selection of metallic
film. In the traditional SPR biosensors, the active metals that
are usually utilized are silver (Ag), gold (Au), aluminum
(Al), copper (Cu), indium (In), and sodium (Na) [6]. Indium
is costly and sodium is a good reactive in nature. Copper,
silver, and aluminum are oxidation-susceptible. Gold can
resist corrosion and oxidation in a variety of environmental
conditions and is the most useful metal in nature. In SPR-
based sensors, gold shows high sensitivity, and in general, it
has good chemical stability. Compared to most metals, gold
is considered relatively expensive. Silver, on the other hand,
has superior resolution but is more prone to oxidation than
gold. The Au/Ag bimetallic combination has been proposed
to take the advantage of both metals and has been widely
used. Several research works have been published on this.
It is observed that the bimetallic film can enhance the SPR
resolution but the sensitivity does not show a substantial
improvement [7, 8]. As a result of its direct and tunable
bandgap, outstanding optical and electrical characteristics,
and increased mobility of the carriers [9—12], black phos-
phorus (BP) has recently been recognized as a promising
medium for SPR applications [13]. BP is a phosphorus
allotrope made up of many layers with two-dimensional
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Black phosphor

Incident angle Reflected angle

Fig. 1 An SPR structure based on a BP layer

Table 1 Refractive indices and extinction coefficients of all materials
at a light wavelength of 632.8 nm

structures that are held together by van der Waals forces. The
BP also has appealing mechanical, chemical, and physical
features, making it a good option for chemical applications
with high-performance potential [14]. The in-plane anisot-
ropy of phosphorene, which results from its sp® hybridized
puckered lattice structure [15—18], is its most remarkable
characteristic. The phosphorene’s in-plane anisotropy can
be used to create a tunable sensing device. The strongest
plasmon excitation on the metal-BP interface is considered
through a rotation angle of the integrated device around the
z-axis in-plane, and as a result, the charge transfer between
BP and the metal is changed, leading to modification in the
minimum reflectivity.

BP is a two-dimensional stable material having tunable
bandgap (0.3-2 eV), outstanding hole mobility (10,000
cm?V~l.s71), strong binding energy, attention-grabbing
puckered surface morphology, hydrophilic nature, about
40 times higher molar response factor, and parts per billion
sensing capability. It has shown great potential for biosens-
ing, humidity, and gas sensing [19-23].

Material Refractive index (n)  Extinction Reference . X o .
coefficient (k) Despite several investigations into the nano- and opto-
electronic applications of BP, including photonic appli-
N-FK51A glass  1.4853 . (29] cations based on its saturable absorption properties, little
Au 0.1433 3.6080 (6] attention has been dedicated to its potential biomedical
Ag 0.051255 4.3165 (6] application [24]. This could be owing to black phosphorus’s
Cu 0.10926 3.5802 (6] inability to maintain its stability when exposed to water or
Al 1.1528 6.6898 (6] air. Several recent researches have shown that it is possible
BP 3.5 0.01 [30] to synthesize new BP nanostructures that are stable in water
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and air [25]. Phosphorus, which is used to synthesize BP, is
a healthy, important element that acts as a bone ingredient,
accounting for about 1% of total body weight. Phosphorus,
being one of the key components of nucleic acids, is essen-
tial for human health, resulting in a biocompatible substance
with broad biological application potential [26].

According to Srivastava et al., adding a layer of BP to the
SPR sensors can enhance sensitivity [27]. Graphene, on the
other hand, has recently been discovered to have extraordi-
nary features such as high charge carrier mobility, which
results in strong coupling at the metal-graphene interface
[27]. When compared to a typical gold-based SPR biosen-
sor, Wu et al. found that using graphene can enhance the
sensitivity of such sensors [28].

The yellow liquid that makes up half of a person’s blood
is called plasma. Blood plasma is essential for combating
infection, regulating blood pH, assisting blood clotting, and
transporting and removing waste materials. The concentra-
tion of an agent in plasma generated from whole blood is
referred to as plasma concentration. Major pharmacokinetics
(drug movement through the body) and pharmacodynamics
(biological response of the body to drugs) parameters are
defined using plasma concentrations.

A four-layer SPR-based biosensor is proposed for the
detection of blood plasma concentration. The sensor
employs a layer of BP two-dimensional material. We will
investigate the performance of different metals (Au, Ag, Cu,
and Al). The novelty of the current work is proposing an
SPR-based blood plasma concentration biosensor using BP

Incident angle (%)

two-dimensional material since it has recently been recog-
nized as a promising material with outstanding properties.

Design and Model
Design Considerations

An SPR-based biosensor is assumed in this communication.
The aim of the work is the detection of plasma concentra-
tion. The structure consists of four layers: N-FK51A glass
prism, metal, BP, and sensing medium. It was shown in a

Table 2 Minimum reflectance, change of resonant angle, and sensi-
tivity for different metals with/without BP layer at A = 632.8 nm and
d,,=35 nm (The minimum reflectance is measured at a plasma con-
centration of 50 g/L)

Metal With or without BP Minimum  Resonant Sensitivity

layer reflectance angle shift (deg./RIU)
(%) (deg.)

Au Without BP layer ~ 25.19 6.2 79.81

Ag 52.54 5.74 73.89

Cu 36.24 6.3 81.10

Al 58.34 4.93 63.46

Au With BP layer 25.19 6.41 82.51

Ag 52.96 5.81 74.79

Cu 36.81 6.45 83.03

Al 58.34 5.1 65.65
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Table 3 Sensitivity, FWHM,

DA, and QF for different Thickness of ~ Number of Re.sonant angle  Sensitivity FWHM DA QF
o . Au (nm) BP (M) shift (deg.) (deg./RIU) (deg.) (1/deg.) (1/RIU)

thicknesses of Au and different

numbers of BP layers 35 1 6.41 82.51 5.1 0.196 16.17
40 1 6.58 84.70 4.4 0.227 19.25
45 1 6.68 85.99 3.56 0.280 24.15
50 1 6.71 86.38 333 0.300 25.93
35 3 6.75 86.89 6.4 0.156 13.57
40 3 6.99 89.98 5.07 0.197 17.74
45 3 7.01 90.24 4.25 0.235 21.23
50 3 7.13 91.78 3.57 0.280 25.70
35 6 7.36 94.74 7.7 0.129 12.30
40 6 7.67 98.73 6.71 0.149 14.71
45 6 7.85 101.05 5.1 0.196 19.81
50 6 8.01 103.11 4.15 0.240 24.84
35 9 8.22 105.81 10.2 0.098 10.37
40 9 8.7 111.99 8.32 0.120 13.46
45 9 9.13 117.53 6.99 0.143 16.81
50 9 9.45 121.65 6.12 0.163 19.87

previous work that N-FK51A has a low refractive index and
corresponds to a larger sensitivity compared to SF-10 prism
[8].

Figure 1 shows a diagram of the SPR structure. The work-
ing principle of the proposed biosensor is based on surface
plasmon resonance conditions. Surface plasmons are quanta
of charge density oscillations at the interface separating the
metal and dielectric layers that are excited by incident trans-
verse magnetic light with coupling through the prism [15].
Prism coupling is a preferred technique over other techniques
for its straightforward geometry. The condition of resonance
can be achieved via matching of wavevector of the surface
plasmon wave with that of the incident light. Because of the
adsorption of the analyte on the sensor surface, this match-
ing condition is sensitive to changes in the refractive index
of the probing media, which can be exploited for imaging
and sensing applications [15]. Here, a low refractive index
prism is chosen for enhanced light coupling [8].

The index of refraction of the N-FK51A glass prism (,,)
is given by the Sellmeier equation as [29]:

i+

where the coefficients have the values a; =0.971247817,
a,=0.216901417, a;=0.904651666, b, =0.00472301995,
b,=0.0153575612, and b;=168.68133. A is the wavelength
of incident radiation in um.

The metal refractive index is given by:

a, A2
/12 - bl
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where 4. and 4, are the collision and plasma wavelengths
of the metal. Equation (2) is called Drude-Lorentz model.

The refractive indices used for all layers are presented
in Table 1. They have been calculated at the He—Ne laser
wavelength.

Mathematical Modeling

The refractive index, permittivity, and thickness of any layer
of the stack of layers shown in Fig. 1 are given by n;, ¢, and
d;, respectively. The tangential field components at boundary
number 1 (z=0) are related to those at boundary number N
(z=1zy.;) through the characteristic matrix W:

o ]=v]e ]

where F| and Fy_, are the tangential electric field compo-
nents at the first and Nth interfaces, respectively. G, and
Gy are the same for the magnetic fields. The characteristic
matrix (W)) for any layer is defined as follows:

Fy
G,

FN—I

Gy, 3

isin(a;)
cos(a;)) ~— 2
W= i €
—ijsm(qi) cos(aj)
a; is the phase variation given by:
2 . 0.5
a; = ”d-(a — (n1s1n91)2) 5)

A

where 0, and n, are the incident angle and refractive index of
the prism, respectively. For transverse magnetic (TM) waves,
Y, = (g - (nlsinel)z) ~ /¢, The characteristic matrix P of
the whole structure is written as follows:
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Fig.4 The sensitivity (a), detection accuracy (b), and quality factor
(¢) versus the Au layer thickness for different numbers of BP layers at
a light wavelength of 632.8 nm

P =W, Wyp = [Pn P12] ©)

where W, and Wpgp are the transfer matrices of the metal
and BP layers, respectively. For TM polarization, the reflec-
tion coefficient (7) is given by:

(Pyy + PaYy)Y, = (Py + PpYy)

r= @)
(Pn +P12YN)Y1 + (P + Py Yy)

where Pij are the total characteristic matrix elements. The
reflection intensity (R) can be written in terms of the reflec-
tion coefficient as follows:

R=1r|? (8)

Results and Discussion

An SPR-based biosensor with the structure prism, metal, BP,
and sensing medium is assumed. Metal and BP layer thick-
nesses are d,,, and dpp and the refractive indices are n,,, and
ngp, respectively. At a radiation wavelength of 632.8 nm, n,,,,
ngp, and n, are calculated using the above equations.

We first investigate the sensor performance with and
without a BP layer. In Figs. 2 and 3, the reflected intensity-
incidence angle curves are plotted without (Fig. 2) and with
(Fig. 3) BP layer for different metals of Au, Ag, Cu, and Al.
The index of refraction of the sensing medium (plasma) is
taken as 1.34401 and 1.42169 for concentrations of 10 g/L
and 50 g/L, respectively. An N-FK51A glass prism is used
as a coupler which has a low refractive index of 1.4853. It
was shown that a low refractive index coupling prism gives a
better performance in SPR structures than high index prisms
[31]. The minimum reflectance, shift in resonance angle,
and sensitivity are shown in Table 2. It is noted that the sen-
sitivity has an enhancement when the BP layer is inserted
between the metal and the sensing medium for all metals.
The sensitivities of the biosensor with the structure of prism/
metal/sensing medium are found as 79.81, 73.89, 81.10, and
63.46 deg./RIU for Au, Ag, Cu, and Al metals, respectively.
The sensitivities of the structure prism/metal/BP/sensing
medium are found as 82.51, 74.79, 83.03, and 65.65 deg./
RIU for the metals Au, Ag, Cu, and Al, respectively. It is
noted that the sensitivity for the Cu-metal structure is a little
bit higher than other metal structures. The sensitivities for
the Au- and Ag-metal structures are acceptable and they do
not show a considerable deviation compared to that of the
Cu-metal structure. The sensitivity associated with the Al-
metal structure is the lowest. Moreover, it is clearly observed
from the two Figs. (2 and 3) that the SPR curves for Cu,
Au, and Ag are acceptable and in the normal shape but the
curve is different for the Al-metal structure. Therefore, the
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Table 4 Sensitivity, FWHM,

X Thickness of ~ Number of Resonant angle  Sensitivity FWHM DA QF

DA, and QF for different Ag (nm) BP (M) shift (deg.) (deg./RIV) (deg.) (1/deg)  (I/RIV)

thicknesses of Ag and different

numbers of BP layers 35 1 5.81 74.79 2.01 0.497 37.20
40 1 5.83 75.05 1.52 0.657 49.37
45 1 5.86 75.43 0.69 1.449 109.31
50 1 5.88 75.69 0.43 2.325 176.02
35 3 6.01 77.36 2.35 0.425 3291
40 3 6.03 77.62 1.66 0.602 46.75
45 3 6.07 78.14 1.25 0.8 62.51
50 3 6.12 78.78 1.09 0.917 7227
35 6 6.40 82.38 3.02 0.331 27.27
40 6 6.45 83.03 2.19 0.456 3791
45 6 6.47 83.29 1.65 0.606 50.47
50 6 6.50 83.67 1.23 0.813 68.02
35 9 6.91 88.95 3.7 0.270 24.04
40 9 7.09 91.27 2.46 0.406 37.10
45 9 7.12 91.65 2.06 0.485 44.49
50 9 7.23 93.07 1.51 0.662 61.63

structures of Au, Ag, and Cu will be considered for further
investigations.

The thickness of the metal layer and the number of BP
layers must be optimized to provide the best biosensor per-
formance. The suggested SPR biosensor’s performance is
assessed in terms of sensitivity (S), full width at half maxi-
mum (FWHM), detection accuracy (DA), and quality factor
(QF). We will examine these parameters at different thick-
nesses of the metal layer and different numbers of the BP
layers. The ratio of the shift in the resonance angle (A0,.,)
to the change in the analyte’s refractive index (An) defines
the sensor sensitivity (S) [32],

S = Aerex
T An

©))

The detection accuracy (DA) of a biosensor is given as
the inversion of the FWHM which is given by:

1

A= ——
FWHM 10)

The DA is an indicator of how sharp is the resonance dip.
The quality factor (QF) depends on the resonance dip
shift and FWHM and is given by.

S

:—:SXDA
FWHM

QF an

We start with the Au metal. Table 3 presents the sens-
ing performance for some different combinations of the Au
thickness and number of BP layers. The Au layer thickness
ranges from 35 to 50 nm in steps of 5 nm and the number of
BP takes the values 1, 3, 6, and 9. All the considered per-

formance parameters (sensitivity, detection accuracy, and

@ Springer

quality factor) can be enhanced with the increase of the Au
layer thickness as shown in Fig. 4. Furthermore, it has been
demonstrated that the number of BP layers has a consider-
able impact on the performance of the SPR biosensor. The
sensitivity is shown to improve as the number of BP lay-
ers increases for a certain thickness of the Au layer. With
an increase in the number of BP layers, both the detection
accuracy and the quality factor are shown to decrease. With
a 50-nm Au layer thickness and nine layers of BP, a maxi-
mum sensitivity of 121.65 deg./RIU can be attained. With an
Au thickness of 50 nm and a monolayer of BP, the detection
accuracy reaches a maximum of 0.300/deg. and the greatest
quality factor of 25.93/RIU can be achieved. For a number
of BP layers greater than 9, no resonant dip can be seen in
the reflectance profile.

When the number of BP is kept fixed, the sharper dip
with smaller FWHM is observed at higher thicknesses of
the metal layer due to the minimum damping of surface
plasmons [15].

Table 4 shows the same as Table 2 but for the Ag
metal. For a constant number of BP layers, the sensitivity
improves slightly as the thickness of the Ag layer increases,
as illustrated in Fig. 5. In addition, as the thickness of the
Ag layer increases, the detection accuracy and quality
factor improve slightly. However, when a monolayer of
BP is used, an ultra-enhancement of detection accuracy
and quality factor can be observed for Ag-layer thicknesses
greater than 40 nm. Furthermore, it is shown that the
number of BP layers has a significant impact on the
performance of the proposed SPR biosensor. Assuming
that the thickness of the Au layer remains constant, the
sensitivity improves as the number of BP layers increases.
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Fig.5 The sensitivity (a), detection accuracy (b), and quality factor
(c) versus the Ag layer thickness for different numbers of BP layers at
a light wavelength of 632.8 nm

As an example, when a fixed 35-nm thickness of Ag is
considered, the sensitivity is found as 74.79, 77.36, 82.38,
and 88.95 deg./RIU for M =1, 3, 6, and 9. However, as the

number of BP layers grows, both the detection accuracy
and quality factor are reduced. As an example, when a fixed
35-nm thickness of Ag is used, the detection accuracy and
the quality factor are found as 0.497, 0.425, 0.331, and
0.270 and 37.20, 32.91, 27.27, and 24.04, respectively, for
M=1, 3, 6, and 9, respectively. We conclude that for the
structure including the Ag metal layer, a thickness of 50 nm
and nine layers of BP correspond to the highest sensitivity
of 93.07 deg./RIU. With an Ag layer thickness of 50 nm
and a monolayer of BP, the detection accuracy and quality
factor reach a maximum of 2.325/deg. and 176.02 /RIU,
respectively.

The sensing configurations for different Cu layer thick-
nesses and different numbers of the BP layer are presented
in Table 5. As illustrated in Fig. 6, when the number of
BP layers is fixed, the sensitivity, detection accuracy, and
quality factor show improvements as the Cu layer thickness
increases. Furthermore, it has been demonstrated that the
number of BP layers can have a considerable effect on the
SPR-based sensor performance. Assuming that the thickness
of the Cu layer remains constant, the sensitivity enhances as
the number of BP layers increases. For a number of BP lay-
ersof 1, 3, 6, and 9, the sensitivities are 85.09, 89.98, 99.51,
and 113.41 deg./RIU when the thickness of Cu is fixed at
40 nm. In a similar manner to the previous investigations,
the detection accuracy and quality factor show reduction as
the number of BP layers grows. When the same thickness
of Cu (40 nm) is utilized, the detection accuracy is found
to be 0.251, 0.203, 0.162, and 0.125 for a number of BP
layers of 1, 3, 6, and 9, respectively, while the quality fac-
tor is found as 21.43, 18.28, 16.12, and 14.26 for a number
of BP layers of 1, 3, 6, and 9, respectively. It is concluded
that, at a Cu thickness of 50 nm and nine layers of BP, the
highest sensitivity of 123.97 deg./RIU is attained. With a
thickness of Cu layer of 50 nm and a monolayer of BP, the
detection accuracy and quality factor reach a maximum of
0.362 deg.™! and 31.43 RIU™!, respectively.

From the above investigations, it is clear that Cu-structure
has the highest sensitivity (123.97 deg./RIU) when the metal
layer thickness is 50 nm and the number of BP layers is nine
while the maximum sensitivities for Au- and Ag-structures
are found 121 and 93 deg./RIU, respectively, at the same
conditions. However, the Ag-structure has the highest detec-
tion accuracy (2.325/deg.) and the highest quality factor
(176.02/RIU) at an Ag layer thickness of 50 nm and a mon-
olayer of BP. Since sensitivity is the most important param-
eter of biosensors, we will consider in the next investigations
a metal layer of 50 nm and a number of BP layers of nine.

The performance of the proposed biosensor is now evalu-
ated for different concentrations of blood plasma. The opti-
mum conditions will be considered here. Figure 7 shows the
reflected intensity of the Au structure for different concentra-
tions of blood plasma. The resonant angles corresponding to
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Table 5 Sensitivity, FWHM,

X Thickness of ~ Number of Resonant angle  Sensitivity FWHM DA QF

DA, and QF for different Cu (nm) BP (M) shift (deg.) (deg./RIU) (deg.) (1/deg)  (I/RIV)

thicknesses of Cu and different

numbers of BP layers 35 1 6.45 83.03 4.4 0.227 18.87
40 1 6.61 85.09 3.97 0.251 21.43
45 1 6.70 86.25 3.27 0.305 26.37
50 1 6.74 86.76 2.76 0.362 31.43
35 3 6.83 87.92 6.44 0.155 13.65
40 3 6.99 89.98 4.92 0.203 18.28
45 3 7.09 91.27 3.83 0.261 23.83
50 3 7.17 92.30 3.25 0.307 28.4
35 6 7.4 95.26 7.76 0.128 12.27
40 6 7.73 99.51 6.17 0.162 16.12
45 6 8.01 103.11 44 0.227 23.43
50 6 8.12 104.53 435 0.229 24.02
35 9 8.35 107.49 9.31 0.107 11.54
40 9 8.81 113.41 7.95 0.125 14.26
45 9 9.31 119.85 6.45 0.155 18.58
50 9 9.63 123.97 6.28 0.159 19.74

different concentrations are plotted in Fig. 8. The red points
represent the simulated data while the black curve represents
the fitting equation. The fitting equation for the resonant
angle-concentration relation is found as follows:

0,,.(c)=6131+0.168 ¢ +0.0011 2 (12)

where 0,,,(c) is the resonant angle and C is the plasma
concentration.

The agreement between the simulated data and the fit-
ting equation is perfect. Resonant angle shift, sensitivity,
FWHM, detection accuracy, and quality factor are calculated
for the Au structure and presented in Table 6. It is observed
that the sensitivity can be enhanced with the increase of the
plasma concentration. The plasma concentration of 50 g/L.
corresponds to the highest sensitivity. The lowest concentra-
tions correspond to the highest values of the detection accu-
racy and quality factor. In Fig. 9, the sensitivity, FWHM,
detection accuracy, and quality factor are plotted versus the
plasma concentration. In a similar manner to the sensitivity,
the FWHM is enhanced with the increase of concentration.

Figure 10 shows the reflected intensity of the proposed
SPR sensor for the Ag structure at different concentrations
of plasma. The concentration dependence of the resonant
angles is shown in Fig. 11. The red points represent the
simulated data and the black curve represents the fitting
equation. The fitting equation for the resonant angle-
concentration relation is found as follows:

0,,.(c) = 57.15 +0.152 ¢ + 0.0004 2 (13)

@ Springer

Good agreement between the simulated data (red points)
and the fitting equation (black curve) is observed in Fig. 11.
Resonant angle shift, sensitivity, FWHM, detection accu-
racy, and quality factor are calculated for the Ag-structure
and presented in Table 7. As can be observed, the sensitivity
is improved with the growth of the concentration. A highest
sensitivity of 93.07 deg./RIU corresponds to a plasma con-
centration of 50 g/L. whereas the highest detection accuracy
and quality factor correspond to the lowest concentration.
The sensitivity, FWHM, detection accuracy, and quality fac-
tor are all shown in Fig. 12 versus the plasma concentration.

The reflected intensity of the Cu-structure for different
concentrations of blood plasma is illustrated in Fig. 13 and
the resonant angles corresponding to different concentrations
are shown in Fig. 14. The red points represent the simulated
data while the black curve represents the fitting equation.
The fitting equation for the resonant angle-concentration
relation is found as follows:

0,,5(c) = 61.58 +0.164 ¢ + 0.0012 ¢* (14)

The agreement between the simulated data and the fit-
ting equation is perfect. Resonant angle shift, sensitivity,
FWHM, detection accuracy, and quality factor are calculated
for the Cu-structure and presented in Table 8. The sensi-
tivity shows an essential enhancement with the increase
of the plasma concentration. The plasma concentration of
50 g/L corresponds to the highest sensitivity of 123.97. The
highest values of the detection accuracy and quality fac-
tor correspond to the lowest concentrations. In Fig. 15, the
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Fig.6 The sensitivity (a), detection accuracy (b), and quality factor
(c) versus the Cu layer thickness for different numbers of BP layers at
a light wavelength of 632.8 nm

sensitivity, FWHM, detection accuracy, and quality factor
are plotted versus the plasma concentration. In a similar
manner to the sensitivity, the FWHM is enhanced with the
increase of the plasma concentration.
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Fig. 7 Reflected intensity versus the angle of incidence for the pro-
posed SPR sensor at different plasma concentrations at A = 632.8 nm,
h,, =50 nm, and M=9

A comparison of the current work sensitivity with those
of the most recent published SPR sensors is presented in
Table 9. It shows the structure used in each work and the
sensitivity obtained. It is clear that the sensitivity realized
in the current work is the highest.

It is a good idea to provide the designer with some sug-
gestions to make the proposed sensor easier to make. First,
a thin layer of 50 nm of the metal has to be deposited on the
N-FKS51A glass prism. The deposition techniques that are
usually used are vacuum thermal evaporation, electron beam
evaporation, ion plating evaporation, laser beam evapora-
tion, etc. The desired number of layers of black phosphor is
then deposited on the top of the metal layer using chemical
vapor deposition. A blood sample is then placed on top of

%
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Fig. 8 Resonant angle versus the concentration of plasma for the pro-
posed SPR sensor at A = 632.8 nm, h,, =50 nm, and M=9
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Table 6 Some parameters

) th ¢ Plasma concentration (g/L) 10 20 30 40 50
0 measure the performance
Ofé};‘; %ropOSEd ser;s(;)r at 4 Refractive index 1.34401 1.36343 1.38285 1.40227 1.42169
= 632.8 nm, h,,=50 nm,
and M =9 for different Resonant angle (deg.) 63.11 65.15 67.4 69.83 72.56
concentrations of plasma Resonant angle shift (deg.) - 2.04 4.29 6.72 9.45
Sensitivity (deg./RIU) - 105.04 110.45 115.34 121.65
FWHM (deg.) 4.25 4.73 5.35 5.88 6.12
Detection accuracy 0.235 0.211 0.186 0.170 0.163
Quality factor - 22.20 20.64 19.61 19.87
T T T T r 23
6.51 L0.22 70
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Fig.9 Sensitivity, quality factor, FWHM, and detection accuracy : . : . : . : . :

versus the concentration of plasma for proposed SPR sensor at A = 10 20 30 40 50
632.8 nm, h,,=50 nm, and M=9

Plasma concentration (g/L)

100 Fig. 11 Resonant angle versus the concentration of plasma for the
proposed SPR sensor at A = 632.8 nm, hAg=50 nm, and M=9
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Fig. 10 Reflected intensity versus incident angle for the pro-
posed SPR sensor with different concentrations at A = 632.8 nm,
h,,=50 nm, and M=9
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Table 7 Some parameters Plasma concentration (g/L) 10 20 30 40 50
to measure the performance
Ofé};‘; [gopos;d ser;s(;)r at 4 Refractive index 1.34401 1.36343 1.38285 1.40227 1.42169
= 632.8 nm, h,, =50 nm,
and M =9 for d.fferent Resonant angle (deg.) 58.71 60.42 62.14 63.96 65.94
concentrations of plasma Resonant angle shift (deg.) - 1.71 3.43 5.25 7.23
Sensitivity (deg./RIU) - 88.05 88.92 90.11 93.07
FWHM (deg.) 1.05 1.15 1.25 1.40 1.51
Detection accuracy 0.952 0.869 0.8 0.714 0.662
Quality factor - 76.56 71.13 64.36 61.63
95 T T T T [ 78 74 T T T T T T
154 94 F0.95[ ,¢5 7. |
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S
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—WWWJ\\\\ 0 T 70- .
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Fig. 12 Sensitivity, quality factor, FWHM, and detection accuracy 10 20 30 40 50

versus the concentration of plasma for the proposed SPR sensor at A

=632.8 nm, hAg=50 nm, and M=9

Plasma concentration (g/L)

Fig. 14 Resonant angle versus the concentration of plasma for the
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Fig. 13 Reflected intensity versus

incident angle for the pro-

posed SPR sensor with different concentrations at A = 632.8 nm,

he, =50 nm, and M=9

proposed SPR sensor at A = 632.8 nm, h, =50 nm, and M=9

the black phosphor material. Through the glass prism, the
He—Ne laser is directed onto the metal film, and the subse-
quent reflection is monitored.
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Table 8 The performance of

. Y Plasma concentration (g/L) 10 20 30 40 50
the sensor with the variation
of plasma concentration at 1 Refractive index 1.34401 1.36343 1.38285 1.40227 1.42169
azngi\i'i‘;‘(’)rhgi"f; fgn?m’ Resonant angle (deg.) 63.34 65.41 67.64 70.16 72.97
concentrations of plasma Resonant angle shift (deg.) - 2.07 4.3 6.82 9.63
Sensitivity (deg./RIU) - 106.59 110.71 117.06 123.97
FWHM (deg.) 4.21 4.6 5.06 5.53 6.28
Detection accuracy 0.237 0.217 0.197 0.180 0.159
Quality factor - 23.17 21.87 21.16 19.74
7.04130 , , , , 0.30 Conclusion
L 24
6.51 027 We have proposed an SPR-based biosensor for the detection
6.04 1204 10.24] oo of blood plasma. The structure of the proposed sensor is a
low refractive index prism/metal/BP/sensing medium. Four
5.5 (021 L 20 metals, different numbers of BP layers, and different plasma
1104 1 0.18 concentrations have been tested to find out the structure with
5.0 the highest performance. We found that structures with the
4544 r0-15118 BP layer have better performance than those without a BP

10 20 30 40 50
Plasma concentration (g/L)

Fig. 15 Sensitivity, quality factor, FWHM, and detection accuracy
versus the concentration of plasma for proposed SPR sensor at 4 =
632.8 nm, ho, =50 nm, and M=9

layer. Cu-structure has shown the highest sensitivity of
123 deg./RIU while the Ag structure has shown the highest
quality factor of 176.02 and detection accuracy of 2.325.
The Ag structure has also shown the sharpest resonance dip
with a FWHM of 0.43. The highest sensitivity was obtained
at a Cu layer thickness of 50 nm and a number of BP layers

Table 9 Comparing the current

S0 K Structure of SPR Year Sensitivity References
work sensitivity with the most (deg./RIV)
recent works
Au-MoS,-graphene based hybrid SPR biosensor 2017 89.29 [33]
SPR sensor employing the structure ZnO—Au-MoS,-graphene 2018 101.58 [34]
MoS,-graphene hybrid-based fiber optic SPR biosensor 2017 105.71 [35]
SPR sensor employing graphene tri sheets 2019 121.67 [36]
SPR optical sensor using a thin layer of plasma 2021 103 [13]
SPR sensor employing black phosphor sheets 2022 124 Current work

@ Springer




Plasmonics (2022) 17:1751-1764

1763

of 9. The highest detection accuracy and quality factor were
obtained at an Ag layer thickness of 50 nm and a monolayer
of BP. As the concentration of the plasma increases, the
sensitivity can be enhanced.
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