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Abstract

The features of plasmonic surface frequency sensor technology, such as the
small number of sensor samples required, electromagnetic interference, and high
sensitivity, have been found to be highly important.. In this paper, a simulation
program was created in Matlab_b2018 by adopting Fresnel equations for calculating
the reflectivity of the electromagnetic wave between different media. A surface
plasmon resonance sensor based on electromagnetic wavelengths within the range
(100 nm to 1000 nm) has been proposed. The transfer matrix was used for a system
consisting of four different media. The first medium is a semicircular BK7 glass
prism, the second medium is a gold layer (40 nm thick), then a bismuth layer of
variable thicknes(10-80) nm, and the last medium is air as the sensing medium. The
surface plasmon resonance (SPR) technique was adopted based on the Kretschmann
configuration in the simulation of the proposed system. The simulation results
showed that there is no SPR within the range of wavelengths (100-500nm), while
SPR appears in the visible region and in the IR region at wavelengths (900 and
1000nm). The SPR phenomenon starts to weaken gradually with an increase in the
thickness of the bismuth layer. The full width at half maximum (FWHM) decreases
with the decrease of thickness of bismuth layer. The best value for it is (10) at
thickness (d=10 nm) and wavelength (900 nm). While the height (H) of the SPR dip
increased, with the best value of (0.95) at thickness (d=10 nm) and wavelength (700
nm). Also, the sensitivity increased with increasing the bismuth layer thickness at
wavelengths (700 , 800,
and 1000 ) nm. The highest obtained sensitivity(S) was (112.5 deg/RIU).

Keywords: Surface plasmon resonance sensor, Au layer, bismuth layer,
Kretschmann’s configuration.
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1. Introduction

Recently, optical sensors have played an important role in many applications, for instance,
in detecting chemical and biological pollutants in fluids, due to the high development in
optical sensing technology [1]. Different optical sensors have been designed to reduce time
and cost and enhance daily processes [2]. Building applied process systems are often costly
and require much effort and time. Therefore, many scientists in many fields have resorted to
the use of simulation techniques for different practical systems. Simulation is the study and
construction of models or programs that adopt methods to approximate and imitate a physical
or real life system to study the expected results of the system and its potential use in practical
applications. The simulation system simulates a reality that is sometimes difficult to provide
due to costs and human capabilities [3-5]. Therefore, the principle of plasmonic surface (SPR)
frequency of the plasmonic surface (SPR) is used for this purpose, which occurs when the
frequency of the incident ray equals the frequency of the wave of the plasmonic surface
(SPW). The plasmonic behavior of various surface shapes, such as circles, squares, and flat
surfaces, can be studied and tested using simulation software [6-9]. SPR principle was used in
different areas, such as optics technology, non-linear optics, and microscopy, in a circuit that
combines two different signals and spectroscopy [10-12].
Researchers are intensifying their efforts to design and develop new sensors that meet current
and future demands and applications_to improve the sensitivity of (SPR) sensors. Many
studies have worked by adding layers of semiconductor and insulating materials as well as
metamaterials.
Vahed and Nadri [13] designed Air/MoS2/ Nanocomposite/ MoS2/ graphene which acts as an
optical biosensor using Otto-configuration. A high sensitivity value was obtained (200 deg
/RIU) and evaluated with six layers of MoS2 and a nano-composite layer containing (Au NPs)
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and TiO2, which acted as the host electrical insulator. Lin et al. [14] proposed an (SPR)
sensor depending on two-dimensional materials (graphene, MoS2, WS2 and WSe2) with
various metal films (Au, Ag or Cu) to enhance the sensitivity. The results showed high
sensitivity values of 159, 194 or 155°/RIU for Au, Ag or Cu, respectively.
In this study, Kretschmann configuration was used to simulate plasmonic surface resonance
(SPR) of a system consisting of gold and bismuth layers placed on a semicircular glass prism
for a wide range of the electromagnetic spectrum ranging from the ultraviolet to the infrared
region (the electromagnetic wavelengths used were in range (100-1000) nm). Also, the
spectrum regions of SPR were determined. In addition, the full width at half maximum
(FWHM) of the SPR dip and the sensitivity (S) of the proposed system were calculated by
changing the refractive index (An) of the sensing medium (i.e. the air), where (An=0, 0.04
0.08, and 0.12).
2. Surface Plasmon Resonance Sensor Theory Concepts

Using multilayer structures arranged on a prism, planar, grating, or cylindrical waveguides
topped with a thin metallic layer, (SPR) can happen[15]. The Otto[16] and Kretschmann
arrangements [17] are metal-dielectric arrangements to prism coupling for (SPR) excitation .
In the two configurations, the polarized light ray is reflected from the separating surface
between the prism and the thin metal layer to be received by a sensitive detector. After that,
the optical wave passes through the thin layer and generates a surface optical wave at the
metal boundary[18].
The Kretschmann’s arrangement was employed using metal film on a glass surface, and the
surface plasmon wave spread constant (SPW) is show by equation [18] :

Emntzl

ky = npko sin(@spr) = ko |75

Where: kx is the wave vector, np is the prism refractive index, na is the sample refractive
index and OSPR is the resonant angle that excites the surface plasmon , kO = 2n/A  is the
wave vector of incident light , A is the free area wavelength, and em= (emr +j emi ) is the
electrical insulator constant of a complex metal which is based on the wavelength . According
to Equation (1), the conjugation condition (between kO and SPW) is only fulfilled if |¢_mr] is
more than (n_p”2 n_a"2)/(n_p"2-n_a"2 ). It happens when wavelength has been decreased,
|e_mr | represented approaches of critical value with SPW that cannot be excited [18]. The
intensity's beam of polarized light can be accessed via matrix method utilizing Maxwell’s and
Fresnels equations [19]:

", - [ cos(Br)  —,-sin(Bx

- |-iqusin(Br)  cos(By) _
Where M represents characteristic transfer matrix and as the same as the luminous spread

through a layers , Sk is a phase agent , and g the cross magnetic incident ray , as shown by
the following equations[19] :

B = kodk\/ni —n3sin(0)? ... A3)
/ni—n?,sin(@,—)z
Gp="——— . “)

ny
Where: dk represents the thickness of the kth layer, 0i is the angle of incidence, nk is the kth
layer refractive index which depends on wavelength. The total characteristic transfer matrix
has been estimated via multiplication for each Mk matrix of kth layer index as shown[19] :

Mo = TIRZEM, )
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The Fresnel reflection coefficient (r) for multilayers by M total matrix terms is estimated via
[19]:

_ (M11+M12qn)q1—(M21+M22qN)

r(0:,4) = (M11+M12qN)q1+(M21+M22qN)

Where M11, M12, M21 and M22 represent the components of M_total , g1 as well as gqN are

the cross magnetic incidence ray for the initial and the final layers, respectively. So, the
reflectance (R) of a multilayer structure is given as [19] :
R=|r(6,MH?* . 7)
The reflectance can be estimated depending on two principles:
The angular interrogation mode (AIM), when the angle of incidence changes but the
wavelength remains constant.
The wavelength interrogation mode (WIM), where the incidence angle appears stable
while the wavelength is different.
The suitable resonant angle of exciting SPR effect appears as in the following equation [20]:
0 SPR= [sin) ~(-1)@ [(I/n_p Y((e_mn_a2)/(e_m+n_a™2)) )] ... (8)
3. Methodology: Surface plasmon resonance sensor simulations

In this study, a simulation program was constructed in Matlab_b2018 by adopting the
Fresnel equations of reflectivity of electromagnetic wavelengths. To the resonance conditions,
p-polarized (TM) light must be used any change in the dielectric constant of the sensor
medium (i.e. the change in the refractive index of the sensor medium) causes SPR bottom
curve shift (when the reflectivity of the light is a function of the angle of incidence). As a
result, the greater the change in the resonance angle, the greater the sensor's sensitivity (S),
which is given by the following equation [21]:

S = A6spr __ Ospr1—Ospr2 ©)

An ny{—ny
Where: AOspr represents the difference in resonance angle, and_An is the difference in the
refractive index of the sensor medium (form n; to n,), causing a change in resonance angle
from Ospri1, and Ospro, respectively.
The suggested sensor of this study that adopts the resonance surface plasmon phenomenon is
designed as shown in Figure 1.

sensing medium
air

Bismuth layer

Gold layer
g ] prism
~—l
incident light reflected light
detector

Figure 1- The proposed SPR sensor configuration.
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The proposed sensor consists of a semi-circular (BK7) glass prism on which a 40nm thickness
gold layer was deposited, a layer of bismuth, of variable thickness(10-80nm) was deposited
on the gold layer and adopting the air as the sensation medium. The angle of incidence of
light on the semicircular prism can be changed from (O to 90) degrees. The refractive indices
as a function of wavelength(100 to 1000)nm for the BK7 glass, gold, and bismuth were
obtained  (the refractive indexes tables were approved on the website
https://refractiveindex.info) . To measure the reflectivity and how a slight change in the
refractive index of the sensing medium affects to the resonance angle ,so, the refractive index
(An) has been used (0, 0.04, 0.08, 0.12).
4. Results and Discussions

The proposed sensor system simulation of reflectivity is shown in Figure 2. It shows the
change of reflectivity (R) as a function of the angle of the incident light on the prism for
different values of wavelength (100-1000nm) and different values of the bismuth layer
thickness(d)(10-80nm). These curves were obtained by implementing the Matlab simulation
algorithm. The most important curves that show a significant change in the calculated
reflectivity state were presented. For wavelengths from 100nm to 500nm, it was noted from
the curves that the reflectivity was very low in the ultraviolet region and the initial part of the
visible region; also there was no distinctive appearance of surface plasmon resonance (SPR).
In the remaining part of the visible spectrum, the surface plasmon resonance was obtained
strongly at 700 nm. While in the infrared region, the surface plasmon resonance was strong
and very distinctive for wavelengths from 800nm to 1000nm. However, strong SPR dips at
bismuth layer thicknesses from 10nm to 50nm were observed. While for bismuth thicknesses
d=70 and 80 nm, the SPR dips were small.
For each wavelength and bismuth thickness, the reflectivity curves were analyzed to
determine the sensor parameters (FWHM and the height (H) of the SPR dip). For the SPR
dips, Figures 3 and 4 show the relationship between height H and FWHM as a function of
bismuth layer thickness and electromagnetic wavelengths from 100nm to 1000nm. The
sensitivity (S) of the proposed sensing device is shown in Figure 5 as a function of the
bismuth layer thickness.
The results showed that the FWHM values of the SPR dips decreased and the height (H)
values of the SPR dips increased as the bismuth layer thickness increased in the visible and
infrared regions. The best value of FWHM was (10) at d=10 nm thickness and 900 nm
wavelength. While the best value of the height (H) of the SPR dip was (0.95) at thickness
d=10 nm and 700 nm wavelength. This information helped to determine the best bismuth
thickness to be used in the sensor. Although the sensitivity (S) of the proposed device
increased at wavelengths (700, 800, and 1000 nm) with increasing thickness, the highest
sensitivity of 112.5 deg/RIU was obtained.
5. Conclusions
The results showed that there was no SPR within the wavelength range (100-500) nm, it was
weak in the visible region but well in the (IR) region at wavelengths (900 and 1000) nm, and
that the phenomenon of SPR weakens with the increase of the bismuth layer thickness. .
FWHM also decreased as the thickness of the bismuth layer decreased and the height
increased. With increasing the thickness at wavelengths (700, 800, and 1000 nm), the
sensitivity improved. At 700nm and 800nm wavelengths and 10-60nm bismuth layer
thickness, the highest sensitivity (S) of 112.5 deg/RIU was obtained

An=0 An=0.02 An=0.08 An=0.12
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Figure 2-Surface Plasmon resonance sensor curves for different thicknesses of bismuth layers
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Figure 3-FWHM as a function of bismuth layer thickness for different wavelengths ( 100 -
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Figure 4-Height (H) of the SPR dip as a function of bismuth layer thickness at different
| wavelengths (100 -1000 nm) .
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Figure 5- The sensitivity of sensor as a function of bismuth layer thickness at different
wavelengths (100 -1000 nm) .
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