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Abstract

The analysis aims to enhance the sensitivity of the surface plasmon resonance-based

sensor. The proposed sensor consists of a single layer of Ag metal, black phosphorus (BP), and Platinum diselenide (PtSe,).
The thickness of the Ag metal is considered as 45 nm. The study was carried out using attenuated total reflection. The
refractive index of the sensor changes when analyte or biomolecules comes in contact with the sensing layer. The thickness
of the BP layer has been taken as 0.34 nm. The maximum sensitivity of the sensor is achieved for one layer of PtSe,
and two layers of BP. The calculated performance parameters, sensitivity, figure of merit, and detection accuracy, are
275.2 Degree/RIU, 43.1 RIU™!, and 0.16 Degree™, respectively. The sensitivity of the proposed sensor is 1.38 times the

conventional sensor.

Keywords Surface plasmon resonance - PtSe, - Black phosphorus - Sensitivity enhancement

1 Introduction

Surface plasmons (SPs) are dense oscillating electrons
cloud propagation at the metal and dielectric interface.
They are useful for the detection of molecular properties
of the sensing medium, such as size, concentration, and the
analyte in biology and biochemistry [1][1][1]. When an
analyte interacts with the biorecognition elements (BRE)
of the surface plasmon resonance (SPR) sensor, the BRE
element’s biomolecular bonding enhances, and the refrac-
tive index of the sensing medium changes significantly [4].
This phenomenon causes a change in the surface plasmons'
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propagation constant, allowing a significant shift in the reso-
nance curve [5][5]. The necessary condition for any good
sensor must show high sensitivity, low full width at half
maximum (FWHM), high detection accuracy, repeatability
and reproducibility, and high stability over time in different
chemical and physical conditions [7][7].

To design an SPR-based sensor, Kretschmann is the most
widely used configuration [9][9][9][9]. The sensor's sensi-
tivity is analyzed at the dip in the resonance curve, where
the resonance angle is measured. In the dip, the absorbance
of the light is maximum, and reflectivity is minimum. Here
angle interrogation technique is used for the analysis of the
sensor. The input signal of wavelength 4 = 633nm is used
here. The conventional Kretschmann configuration is modi-
fied by stacking the layer of two-dimensional (2-D) material
or artificially developed heterostructure material such as gra-
phene, black phosphorus, barium titanate, and tin selenide.
These modified sensor heterostructures show enhanced sen-
sitivity and better performance than the conventional sensor
[13][13][13][13].

In traditional sensors, silver (Ag) metal layers are
widely utilized [17][17]. Near the infrared region, the
resonance curve of Ag metal shows a significant dip,
indicating that the sensor produces high sensitivity [19].
The other advantages of Ag metal-based sensors include
that they are more accurate than gold, have a narrower
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resonance curve with higher contrast, and have a lower
FWHM than gold [20][20]. Its demerit includes low stabil-
ity since it is readily oxidized when exposed to air or water
[22]. The sensor's sensitivity reduces due to the oxidation
of the Ag layer. A BRE reduces the oxidation problem and
improves the sensor's performance [23].

After experimental analysis, it is found that 2-D
materials such as black phosphorus (BP) and graphene
as BREs can improve the sensitivity and performance
characteristics of the SPR sensors [24][24][24][24][24].
Some important points about BP are that its response time
is very low compared to the other 2-D materials, which
allows sensing the parts per billion quantities of the
analyte, and adsorption energy is also very high compared
to graphene, WS, and MoS,. Furthermore, BP has a
puckered lattice arrangement, giving it a substantially
higher surface-to-volume ratio than other 2-D materials
[29]. As a result, BP may be ideal for biomolecule
binding. The electrical and optical properties of the BP
have been analyzed experimentally. Cai et al. observed
that the effective carrier mass, energy band gap, and work
function depending on the thickness of the BP material,
which decreases with the increase in thickness. But the
only drawback is the stability issue, which is unstable
in air and water [30]. Therefore, BP is the best suitable
material for gas sensing. Rahman et al. theoretically
investigated a sensor using BK7 prism, PtSe,, and 2-D
materials, and a maximum sensitivity of 194 Degree/RIU
are achieved [31]. Fouad et al. proposed a sensor based on
the SPR technique using silver (Ag) and barium titanate
(BaTiO3) and achieved maximum sensitivity of 280
Degree/RIU [32]. An SPR-based gas sensor was proposed
by Shrivastava and Jha using a bilayer of BP and MoS,
layers. They attained a maximum sensitivity for this was
around 110 Degree/RIU [33]. Kumela et al. proposed a
plasmonic sensor with increased sensitivity that models
the optical characteristics of metal nanoparticles using
both classical and quantum approaches [34].

PtSe, has extraordinary optical and electromechanical
properties. Due to its strong interlayer contact and quantum
confinement effect, it has a large tunable energy band gap
[35]. Furthermore, it exhibits an outstanding transition
characteristic from semimetal to semiconductor while
transitioning from bulk to a few layers. It also provides
toxicity resistance and chemical inertness, making it a
potential material for sensing applications [13].

In this work, a hybrid multilayer sensor based on Ag
metal, PtSe,, and black phosphorus has been designed to
analyze the conventional structure comprehensively. Here
angular interrogation method based on attenuated total
reflection (ATR) is used to analyze the sensor. The sensor's
performance is based on parameters like sensitivity,

detection accuracy, the figure of merit, etc. The manuscript
is structured in the following manner: Section 2 consists
of design consideration and theoretical cum mathematical
modeling of the proposed sensor. Section 3 explains the
results and discussion, while the conclusion of the work
is provided in section 4.

2 Theoretical analysis and mathematical
modeling of the sensor

2.1 Design analysis and theoretical modeling

Figure 1 consists of the schematic of the proposed sensor,
a modified Kretschmann configuration. The thickness of
the Ag layer 45 nm is taken and deposited over the prism.
The dispersion profile of the metal is computed using the
Drude-Lorentz model and given as [9]:

| YR 2 W
Nay = -
he (344 i)

where 4, and 4, are the collision and plasma wavelength
of the material, and its values are 1.4541 X 1077 and
17.614 x 107, respectively [36]. The proposed configura-
tion utilizes the BK7 coupling prism. The refractive index
of the BK7 is low, so it provides better sensitivity. Here
monochromatic plane polarizes TM optical signal to oper-
ate the proposed sensor. The refractive index of the prism is
calculated using this formula [11]:

0.2317923442
2-0.0200179144

S 1.039612122
BK7 7\ 2 = 0.00600069867

1.0104694> 1 2
2 — 103.560653
2

The metal layer of the sensor is attached to the thin layer
of PtSe,; after that, a thin layer of black phosphorus is spread
over it. The heterostructure of transition metal diselenide
/2-D materials is taken as an affinity layer to interact with
the sensing layer or analyte, simultaneously preventing
the oxidation of the metal. Design parameters and their
respective refractive index (RI) are given in Table 1. The
refractive index of the sensing medium is taken as 1.33, and
6n is the variation in the RI of the sensing medium when the
analyte comes in contact with it.

2.2 Mathematical modeling

To analyze the sensitivity/performance of the sensor, first,
investigate the reflection intensity of the TM-polarized
light at the sensor's detector. The mathematical modeling
of the multilayer configuration of the sensor can be fulfilled
by analyzing the Drude-Lorentz model/Fresnel equation
and transfer matrix method (TMM). This study uses no
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Fig. 1 Multilayered sensor
design for sensing applications

y

Table 1 Dimension and refractive index of the material used in the
sensor

Material Thickness RIat A = 633nm References
of the layer

Prism BK7 - 1.5151 [37]

Ag layer (D)) 45 nm 0.056206 + i = 4.2776 [38]

PtSe, (D,) 2 nm 29189 +i%0.9593 [31]
3.3 nm 2.8528 +i* 1.1129
4.4 nm 3.0233 +i % 1.4967

Black phosphorus 0.65 nm 3.531 —i % 0.04087 [24]

(D)

Sensing medium - 133+ 6n [39]

approximation method of TMM, which provides the best
results [40]. MATLAB is used to estimate the SPR modula-
tion analogy. To proceed with the mathematical modeling,
some parameters need to specify. The individual thickness
of each layer is described as ‘d},” are stacked in the Z-direc-
tion. The sufficient condition for surface plasmon resonance
is when the propagation constant of the evanescent wave
matches with the surface plasmon by taking the specific
value of the angle. This condition is known as wavevec-
tor matching because the incident light wavevector matches
with the surface plasmon wavevector [41].

2 .
7”n3K751n0 = Re(Bgp) 3)

where 0 is the angle of incidence, ngy is the RI of the prism,
Pp is the propagation constant of surface plasmon, and
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Rotatory stage including goniometer

. . . 2 .
numerically it can be written as (7” \ ) It is necessary
m s

to generate surface plasmon momentum, and energy must
be conserved. The relation between angular frequency and
wavevector in the X-direction can be written as:

@ €182
k=2 /22
ToceVe+e @

Here £, and &, denote the permittivity of the first two
mediums of our proposed SPR sensor.

Drude—Lorentz's model shows the dependency of the
wavelength of an incident optical signal on the dielectric
constant of the metal. The refractive index of the BK7
prism is estimated using the Sellmeier equation. The
transfer matrix method is used to compute the reflectivity
of the TM-polarized light. The tangential component of
the light at the metal surface is given as:
[21 ] =M,M;M, ..........M_, [’;z:i ] = M[AN—I ] 5)
Here A, and B, are tangential components of the electric and
magnetic fields at the first layer's surface. Similarly, electric
and magnetic field components at the Nth layer’s boundary
are given as Ay_; and By_, respectively. M shows the

characteristic transfer matrix of the N-layered configuration
as follows [42]:
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where incidence and én is the variation in the refractive index of
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where g, and f; can be written as g, = 4/ <?)cos9k and
k

b = 2T”nkcosﬁk(dk), respectively.
After simplifying the equations mentioned above, the
reflection coefficient is written as [43]:

) (M) + My2qy) g, — My + Mayqy)
R=1r|"= 8)
(Mll +M12QN)611 + My + Myqy)

The sensitivity is the necessary parameter of the sensor
and shows how resonance angle varies with respect to
changes in the refractive index of the sensing medium;
more precisely, it is said to be the limit of detection. The
sensitivity should be high for the sensor, and it is defined as:

resolution, and its high value is desirable. FoM is defined as:

FoM = — (in 1 /RIU) (10)

WHM

For the best performance of the SPR sensor, FWHM
should be low. So, the resonance curve should be narrow
and sharp. Detection accuracy (DA) is computed as the
reciprocal of the FWHM (1/FWHM). The FoM is a useful
parameter to show the sensor's performance because it
combines the result of sensitivity and FWHM.

3 Results and discussion

To demonstrate the enhancement in sensitivity performance,
the plots between the reflectance of the structure and inci-
dence angle at distinct refractive indexes (1.33 and 1.335) of

Fig.2 Input (angle of inci-
dence) relationship with output
(reflectance) fora P =0,B =0
bP=0,B=1cP=1,B=0d
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Fig.3 Variation in sensitivity with the variation in RI of the sensing
layer

the sensing medium are shown in Fig. 2. For first Fig. 2a, it
indicates the traditional SPR sensor setup, with the absence
of both layers of PtSe, and BP (P =0, B = 0). Our study
demonstrated that the reflectance exhibits a sharp dip at a
specific angle range due to the stimulation of SPR. This event
shows that the stimulating SPR absorbs the incident light in
our sensor setup. Further, with the molecule's cooperation,
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Fig.4 Plots showing the functionality of reflectance with the angle of
incidence a for mono-PtSe, layer (P = 1) and varying BP layers (0 to
10) and b for mono-BP layer (B = 1) and varying PtSe, layers (0 to 3)
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the refractive index of the sensing medium changes. With
this setup, the change in resonance angle (A0 = 0.576°) and
sensitivity is calculated by (S = 115.2 Degree/RIU) as in
equation 9. Figure 2b indicates a single BP layer (B = 1)
and no PtSe, layer (P = 0); the other parameters were kept
constant as in the previous condition. The values for Ag =
0.59° and S = 118 Degree/RIU) are calculated. The sensi-
tivity increases with the presence of a single BP layer when
compared with Fig. 2a without BP. The next case, shown in
Fig. 2c¢, gives the change in resonance angle and sensitiv-
ity (Af = 0.632° and S = 126.4 Degree/RIU) and with the
presence of PtSe, layer and absence of BP layer.

Further, the presence of both layers of PtSe, and BP
(P,B = 1) is shown in Fig. 2d. With the modification in the
reflectance dip, the sensitivity increases to 0.65°, and the
change in resonance angle comes out to be 130 Degree /RIU.
We can see the alteration in the resonance angle of the
sensor in our construction is higher than the typical SPR
structure due to the addition of the PtSe, layer and the BP
layer. Only a coupling prism and a metal (Ag) layer make up
the typical SPR structure. As a result, we may conclude that
combining PtSe, and a BP layer to our SPR sensor improves
its sensitivity significantly when compared to a standard
construction (Figure 2a). The above analysis shows that the
sensing layer's RI can regulate the sensor's sensitivity.
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Fig.5 Sensitivity variation with a number of BP layers (1 to 9) for
P = 1and b number of PtSe, layers (1 to 3) for B =1
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In Fig. 3, we also plot the dependence of the sensor's
sensitivity on the sensing layer’s refractive index to better
understand the augmentation of the sensor's sensitivity by
PtSe, and BP layers. The refractive index range of the sens-
ing medium is taken from 1.33 to 1.38, with 0.005 variations
in between. With the increase in refractive index, the sensi-
tivity enhances significantly; for P = 0, G = 0, the sensitiv-
ity varies from 115.2 Degree/RIU) to 153.8 Degree/RIU)
then for P = 0,B = 1 it varies to 156.2 Degree/RIU) from
117.4 Degree/RIU). In the next case, when P=0,B =1,
the sensitivity reaches 180.2 Degree /RIU) maximum. Lastly,
for P = B = 1 the highest sensitivity value is achieved as
187.4 Degree/RIU). This analysis signifies that after
the introduction of PtSe, and the BP layer to the struc-
ture, the sensitivity increases from 153.8 Degree/RIU) to
187.4 Degree /RIU).

Further, we expand this study to a greater extent by see-
ing the impact of further addition of PtSe, and BP layer on
the sensitivity of the proposed sensor. First, after adding
the BP layer with a constant PtSe, layer (P = 1), its impact
is observed on the sensitivity, as in Fig. 4a. Increasing the
number of BP layers can improve reflectance. Furthermore,
when the number of BP layers increases, a shift in reflec-
tance dip is observed for a larger incidence angle, imply-
ing that the sensor's sensitivity increases. From Fig. 4b, the
impact of adding a PtSe, layer on the sensor's sensitivity is
observed while keeping one BP layer. It can be seen from the
above plots (Fig. 4a and b) that the SPR curve dip gets wider
with the increasing number of BP and PtSe, layers. It signi-
fies that the measurement is complicated at a near resonance
angle, which further impacts the sensors' accuracy. The prior
discussion gives us the concept that by increasing the num-
ber of layers of BP and PtSe, the sensitivity increases to a
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Table2 Comparative survey

; . Wavelength Design configuration Sensitivity DA FoM References
of present work with earlier
reported works 632.8 nm BK7+ (ZnO, Ag, Au, Graphene) 76 - - [44]
632.8 nm BK7+(Au, WSe,) 179.32 0.17 - [45]
633 nm BK7+(Ag, BlueP, MoS,) 230.66 1.04 34.58 [46]
633 nm BK7+(Au, Al,05, WS,) 227.50 1.1123 28.26 [47]
633 nm BK7+(Au, MoS,, Au, graphene) 182 - - [48]
633 nm BK7+(Ag/Au, PtSe,) 165 0.1412 14.12 [13]
633 nm BK7+ (Ag, PtSe,, BP) 275.2 0.16 43.1 Present work

greater extent. The absorption of biomolecules is higher for
BP as compared to PtSe,. With the increase of BP layers,
its effect on the reflectance is observed, which is greater
than in the other layer’s case. Fig. 5a gives the sensitivity
as a function of the number of BP layers. With the increase
in the number of BP layers (1 to 9), the maximum sensitiv-
ity is found to be 275.2 Degree/RIU) with eight BP layers
(B = 8). After eight layers, the sensitivity decreases. This
decrement in value is because the utilization rate of light
wave decrements with enhancing the number of BP layers.

The next plot (Fig. 5b) gives the impact of the number
of PtSe, layers on the sensor sensitivity. The plot is not
following the same trend as in Fig. 5a; it is decrement-
ing after the second layer. The peak value of sensitivity
is found to be 215 Degree/RIU) at P = 2. So, with these
discussions, we conclude that the optimization of the BP

@ Springer

layer is done, followed by the optimization of the PtSe,
layer. Tand the maximum sensitivity we are getting is
275.2 Degree /RIU) (for P =1,B=28). Using constant
angular interrogation, various plots have been drawn for
conclusive evidence. Multiple Y-axis parameters (FWHM
and minimum reflectivity) with a single X-axis showing
sensitivity are plotted for variable BP layers [0 fo 8] with
mono (P = I)-layer of PtSe, (Fig. 6a) at RI of sensing
layer 1.38. The minimum and maximum sensitivity values
attained were 180.2 Degree/RIU) and 275.2 Degree /RIU),
with values of minimum reflectance and FWHM varying
from 0.07129 to 0.23796 and 4.73 Degree to 6.38 Degree,
respectively. Figure6b shows the sensitivity's functional
relationship between DA and FoM. The number of lay-
ers taken is the same as in the previous case. The highest
values obtained with this plot for both parameters [DA
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and FoM] were 0.21 to 0.16 and 38.1 to 43.1, respectively.
It depicts that the electric field distribution at the high-
est sensitivity is accurate and sharper, while vice versa in
the lowest sensitivity value. Next, in Fig. 6c, the plots for
DA and FoM are plotted concerning the sensor sensitivity.
These parameter calculations were done taking constant
BP layer (B = 1) and varying PtSe, layers (0 to 2).

The maximum sensitivity, FoM, and DA were calculated
as 215 Degree/RIU, 36.1 RIU"!, and 0.17 Degree™.
Similarly, with Fig.6d, the maximum values of FWHM and
minimum reflectance (R _;,) come out to be 5.95 Degree
and 0.32291.

Figure 7 depicts the relation of electric field distribution
inside the sensor with the distance of the prism interface. At
the Ag-PtSe, boundary, the electric field intensity increases,
which further increases at the PtSe,-BP boundary. After the
last boundary of the BP-sensing medium, its value decreases
exponentially. It was observed that when light absorption is
greater, field intensity enhances. It demonstrates that higher
light absorption causes considerable SPW excitation. Fig-
ure 7a—c shows the electric field distribution plots for the
three cases of thickness, D, of PtSe, as 2 nm, 3.3 nm, and
4.4 nm. In the upcoming Table 2, a comparison is made with
similar previous reported works, and an analysis is made
with the help of performance parameters like sensitivity,
DA, and FoM. This paper's results show that the achieved
sensitivity and FoM are higher than in earlier works.

min

4 Conclusion

Finally, we theoretically studied a novel form of sensor
structure based on the Kretschmann configuration with
the addition of a PtSe, and a BP layer. The inclusion of
PtSe, and the BP layer has been discovered to be beneficial
as it increases the overall performance of the SPR sensor.
We have analyzed the results showing that the sensor's
sensitivity may increase using the proposed design. By
altering the number of BP layers in the design, the sensitivity
can be improved to a maximum of 275.2 Degree/RIU. Our
study gives a positive sign of more research exploration in
bio-sensing-based applications giving high-performance
parameters.
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