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Surface Plasmon Resonance (SPR) has gotten a lot of attention in biomedical sensing.
Many applications in medical diagnostics and single molecule detection have sparked
interest in bio-sensing techniques. Surface Plasmon resonance (SPR) is an important
phenomenon used for building sensors especially in the Biological fields. Simulation
analysis (in Mat lab) has been made for SPR for gold (Au) layer with thickness (40 nm)
and layer of silicon nitride (SigN,) with different thickness (10- 70 nm) step 10, deposited
on glass prism type N-LASF9_ glass with the sensitive layer was water at refractive index
(An =0, 0.01, 0.05 and 0.1). The analysis was taken for different wavelengths from Ultra-
Violet wavelength 100 nm to Near Infra- Red wavelength 1000 nm. The properties of the
surface Plasmon resonance angle (Ospr) have been calculated from plotted reflectance
against incident angle 04 Shows sharper resonance dip, narrower full width half
maximum (FWHM), SPR dip length (L) increased so that improve in properties SPR and
system. The SPR sensitivity (S) was calculated and recorded higher sensitivity about 134.
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1. Introduction

Surface Plasmon Resonance (SPR) is an optical technique widely used to observe the
physical or chemical changes occurring at a metal-dielectric interface. Due to its highly sensitive
behavior and capability of sensing for label-free sensing, this phenomenon has been featured as a
potent optical detection technique [1,2]. SPR sensors have made significant developments in bio-
sensing and chemical sensing applications : which took many application areas, including
biological and medical diagnostics, and the sensing of chemical and biological pollution in fluids
[3,4]. The process of building an optical system for SPR sensor is extremely complicated and
extravagant. So, many scientists and researchers have gone to use simulation methods for the
purpose of solving this problem and reducing the cost and time when studying important
parameters by building SPR sensing systems before their subsequent practical application [5]. SPR
sensor technology has become a pioneering and promising technology due to its various
advantages. To detect changes in the refractive index of the detecting medium, the sensor must
have a quick reaction, be compact in size, and have high sensitivity [6]. Parameters affecting the
response and performance of SPR sensors are: thickness of the metal and dielectric layers and their
refractive indexes, the number of layers and the differences in layer composition which may vary
depending on the design required by the application. It is sometimes necessary to improve the
metal and dielectric layers in order to improve the sensor performance [7].

There are several researchers who have studied the SPR sensor system and have worked to
design and simulate SPR systems to act as sensors to detect any change in the optical properties of
the media under study. Among the most important of these studies: Vladimir Lioubimov, et
al.(2004) [8], When an oscillating voltage was supplied to a gold sheet on which surface Plasmon
was stimulated, the SPR angle changed. As an adjacent medium, the SPR angle moved for various
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aqueous solutions. The model was created to account for charge redistribution to the double layer
near the liquid-metallic interface as well as gold film deterioration. Mathcad software was used by
Fontana E. in (2006) [9], to determine the optimum thickness of the maximum SPR sensitivity
based on the incident light wavelength. Wu L. et al.2010 [10], They confirmed that the SPR
biosensor made of graphene deposition on gold was more sensitive than the typical SPR thin gold
biosensor. The higher absorption of biomolecules onto graphene is connected to the greater
sensitivity. Y. Deng and G.liu. In (2010) [11], they simulated and designed a prism-based SPR
sensor adopting the Kretschmann configuration. A prism-multilayer structure with increased SPR
detection has the advantages of higher contrast and sensitivity. A BK7 prism was coated with an
Au thin coating (1.8 nm). A photodetector monitored a probe beam of a semiconductor 650nm
laser incident on a prism-metallic film interface, as well as the reflected beam, as a function of
incidence angle. M.S. Islam et al.(2011)[12] A layer surface Plasmon resonance (LSPR) bio-
sensor with a layer of graphene sheet on top of the gold layer improved its sensitivity and
absorption efficiency. With a shorter working wavelength and more graphene layers, the LSPR
graphene biosensor offers higher sensitivity. H. K. Rouf, and T. Haque (2018) [13]: They designed
a bimetallic surface Plasmon resonance (SPR) sensor (a pair of silver (Ag) - gold (Au)). In
addition to the use of a thin layer of indium phosphide (InP) and an air gap layer. They studied
different reflectivity curves and performance parameters. The ability of the proposed biosensor to
detect 1/1000 of the RIU variation of the sensing medium (caused by changing the analytic
concentration) was demonstrated. A. K. Sharma and A. K. Pandey(2019)[14] In the optical
communication band, they suggested a self-referencing SPR sensor with a titanium oxide (TiO,)
grating on a thin gold (Au) layer over dielectric substrates. To simulate the sensor and analyze
performance parameters, they employed the rigorous coupling wave analysis (RCWA) approach.
For the ideal settings of the grating variables, they got a mean spectral sensitivity (S) and an SPR
curve width of 693.88 nm/RIU and 26.03 nm, respectively. For a wide range of analytical
refractive indices, the use of TiO; as a grating on an Au film over a SiO, substrate can give more
sensitivity than grating-based plasmatic sensors. H. Akafzade, et.al (2020) [15] they used single-
layer and multi-layer metal Ag / SisN4 / Au sensors to monitor the changes in the refractive index
of glucose/water solutions. According to the findings, the sensor can resolve the refractive index of
glucose down to a concentration of 1 % — 4 %. They discovered that this sensor can detect a
0.0001 change in refractive index and is suited for biological and medicinal applications. H.
Akafzade et.al (2021) [16] They demonstrated a novel form of SPR sensor made from a multilayer
Ag/SizN4/Au nanostructure. This sensor performed well in determining the relative concentration
of glucose in glucose/water mixtures. According to computer simulations, the electric field on the
surface of this multi-layer sensor is up to 50% greater than the field on the surface of the gold film
Sensor.

In this study, a simulation program was created by adopting Fresnel equations for the
reflectivity of electromagnetic waves in the range (100 nm to 1000 nm) and by using the transfer
matrix of a system consisting of a semicircular prism on which two layers are deposited: the first is
gold (Au) with a thickness of 40 nm and the second is nitride Silicon (SizN,) is a thin film with
variable thickness starting from 10 nm to 70 nm and the sensitive medium is water. The complex
refractive indices of the materials approved in the study (semicircular prism glass N-LASF9, gold,
and silicon nitride (SisN;)) were obtained from the database available on the website
(refractiveindex.info) [17].

2. Methodology

Transfer matrix method is used in optics to analyze the propagation of electromagnetic
waves through a stratified medium. It allows calculations of the reflectance, transmission, and
emission spectra in facilitating additional evaluations the guided modes and band diagrams for
multilayered structures. The transfer matrix method is based on Maxwell's equations, and relies on
simple continuity conditions for an electric field across boundaries from one medium to another
[18]. A stack of layers can be represented as a system array, which is the product of special layer
arrays. The final step of the method contains converting the system matrix back into reflection and
transmission coefficients. The propagation matrix equation obtained by applying the boundary
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condition for the propagation of electromagnetic (EM) waves at the interface between N layers in

the SPR sensor stack apart from the prism, tangential components of electric and magnetic fields
firstly (Esand B,) and finally (Ey and By) boundaries may be expressed as[19]:

Eal _ En-'] M1 Mg [En-']
[BE]_ |:E;..r o Maq m:!] EJ-...- {1}

Mi: is the i characteristic matrix of this structure, where for the i" layer stacked between
the prism and the sensing layer, which is given by [20]:
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Where ¥;: is the propagation constant for i" layer and &, : The optical phase addition is
caused by a single field traversal across the i"" layer, which is given by [17]:

8; = (zf)nidicosﬂi (3)

Where A: is the vacuum light wavelength, n ;. is the refractive index, and d;. is the
thickness, and ;. the incidence angle for i layer.
¥; For p-polarization EM wave given by [21]:
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Where &o. the permittivity and uo. permeability in vacuum.

The characteristic matrix M; describes the behavior of all intervening layers. In Eq.(1)
where the electric and magnetic fields in the i layer were coupled to the M; interference matrix of
that layer at both interfaces. The total interference matrix of the whole multilayer structure was
calculated using the transverse components of the electrical and magnetic fields, which are
continuous at each contact that is free of net charge and current : M = [T'—, M; , this equation can
be obtained the reflection coefficient r and transmission coefficient t through the films from these
matrices as[21]:
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From Eq.(5) reflectance can be calculated (R = |r]%) to obtain pattern of redistribution of
incident light energy into SPR waves, and thus reflected field power as a function of incident angle
can be obtained. Similarity, from eq. (6) transmission can be calculated (T = |t°). The sensitivity of
biosensors is an essential factor to consider while trying to increase their effectiveness. It is
determined by the operating wavelength and material properties, such as the dielectric layer's
refractive index, the refractive index of the prism, the metal film, and the film thickness. They're
chosen to optimize the resonance condition, which is described as [22]:
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Where ¢ denotes the speed of light in a vacuum, ® denotes the light frequency, and €; , &,
are the dielectric constants of the metal and the medium in contact with it, respectively. The
dielectric constant of metal € = g, - i g [22] , is linked to optical constants by the expressions g =
n>k? and g -2nk, where n and k are the medium's index of refraction and extinction coefficient,
respectively.

The frequency-dependent refractive indices of the metal, the dielectric thickness and
structural quality of the metal film, and the sensor's long-term stability are the primary
determinants of the sensor's performance characteristics (quality), especially when the sensor is
used in contact with reactive analytic materials. High sensitivity is attained by achieving a large
shift of resonance angle (in phase interrogation) or resonance wavelength (in wavelength
interrogation) with a small change in (refractive index, thickness and concentration) [23]. SPR is a
very good sensor, due to it is very sensitive to any chemical change in the metal surface, this is due
to the change in k-vector of the Plasmon when the composition of the medium changes, so the
angle of incident light at which the resonance occurs changes with large amount due to the fact
that the field at the interface between the metal and the upper dielectric is greatly enhanced, and
this can be measured very carefully. SPR is dependencies on: metallic film properties, incident
light wavelength, and refractive indices of the media on both sides of the metallic film sensitive to
temperature [24].

The schematic diagram of the proposed SPR sensor is shown in Fig.1. Gold is used in
most plasmatic detectors because it has various advantages, including being chemically inert, long-
term stable, and easy to shape [25]. As a result, it has more optical damping and a broader
resonance wavelength dip, which leads to false-positive analytic detections. [26]. Gold has free
electrons that are excited at optical wavelengths longer than about 500 nanometers, when electron
excitation occurs the light will be absorbed. The dielectric layer of silicon nitride (SisN,) provides
many exceptional properties; it is optically transparent in the range from UV to IR (250-900) nm,
it has a relatively large refractive index, Thermal stability, hardness, chemical inertness, and strong
insulating qualities are all important considerations. The SisN, dielectric's widespread application
in the extremely large-scale integrated electronic production and processing sector justifies it.[23].

Sensing medium (water)

Silicon nitride (SizN,) 1 d2
Metal gold (Au) I d1i

Prism__~"

> *~_ Reflected

Incident

Fig. 1. Schematic diagram of the proposed SPR sensor (glass prism half sphere).

In the simulation steps, an electromagnetic wave with wavelengths ranging from 100nm to
1000nms was adopted to find spectrum regions where the SPR phenomenon occurs. In this study a
Kretschmann configuration with an N-LASF9 glass half sphere prism was used. A gold (Au) sheet
with a continuous thickness of 40 nm was deposited on the prism, and then another layer of silicon
nitride (SisNs) was deposited with different thicknesses, with water used as a medium for
biological or chemical sensitivity.
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The SPR dip must be deep enough, sharp, and of high contrast for the sensor to be
effective and good. While, a very wide SPR dip indicates the possibility of a wider range of
incident SPR angle, and thus would lead to worse sensitivity for the sensor. Now summarize the
parameters to be changed during the simulation:

o Electromagnetic waves: of wavelengths ranged (100nm to 1000nm) step changes 100nm
from Ultra-Violet wavelength to Near Infra- Red wavelength.

o Sub phase: water with changing in refractive index by: (An =0, 0.01,0.05, and 0.1).

o Gold layer thickness: 40nm.

o Dielectric layer thickness (SizNg): (10-70) nm step changes 10nm.

An important note is that as the incident wavelengths change, so the refractive indexes of
system materials (prism N-LASF9_ glass, gold, and dielectric (SizN,) and water) will changed.
Therefore, in this study, the values of the tables of refractive indexes available on the website
(refractive index. Info [17]) were used. The refractive index of the water will also change with the
wavelength, but the difference is so small that it can be neglected.) [27].

The simulation program performed by developing Masahiro Yamamoto’s algorithms: “Surface
Plasmon Resonance (SPR) Theory” [28].

3. Results and discussions

The optimum film thickness of a single metal based SPR sensor has to be such that the
resonance curve produced by a sensor structure under consideration not only shows the maximum
possible loss in reflectivity but also produces the narrowest possible FWHM of the reflectivity
curve. From Figs(2 and 3) show SPR curves for Au 40nm thickness layer, and Si3n4 layer of
thickness varying from (10 — 70) nm steps 10. The surface Plasmon resonance angle (Bspgr) iS the
angle of incidence at which the least reflection occurs and corresponds to the highest energy loss
owing to surface Plasmon excitation. May be show the changes in the SPR characteristics are:

1. The reflectivity will be greatly reduced at the surface Plasmon resonance angle Ogpr.

2. With a little rise in the refractive index of the sensitive medium, the surface resonance angle of
the Plasmon (SPR) is pushed slightly towards higher values.

3. When the wavelength is increased to (1000) nm and the thickness of the Si3N, layer is increased
with the rise of the refractive index of the sensitivity medium, the resonance curves sharpen and
the FWHM narrows.

Figure (2) shows the relationship between reflectivity and the angle of incidence, when the
thickness increases from (10-70) nm. Where there are no SPR is observed at wavelength (100-500)
nm for each SisN, layer thickness. Then it begins to appear at 600 nm for all thicknesses. That is,
SPR would appear at wavelengths greater than 600 nm and best SPR would appear at wavelengths
of 1000 nm. It was also observed that as the thickness of the dielectric layer increased; the
resonance angle would be increased with the increase in the SPR dip width. An important
observation is that the SPR dip width will decreased sharply for 1000 nm wavelength with
different thicknesses (d). Additionally, it’s completely disappeared of SPR at 800 nm wavelengths,
and then reappears clearly and strong at wavelengths (900-1000) nm better for previous
wavelengths of all SizN4 layer thicknesses. The resonance angle is shifted to the right with an
increase in An for all thicknesses.
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Fig. 2. The relation between reflectance with incident angle for different thickness SizN, layer
and different wavelength.

Figure (3) shows the relationship between resonance angles, 0, With the thickness of the
dielectric layer. The best results at 1000 nm wavelength showed that 8, increases with increasing
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thickness from (10-70) nm, with increasing variation in the sensing medium's refractive index,
(outer medium) (An=0, 0.01, 0.05, 0.1).

A=1000nm

Bspridegree)
o
o
@

10 30 0 70 90
d?nm)

Fig. 3. The relation between the resonant angles SPR with the layer dielectric thicknesses.

Figure (4) illustrated the Full Width Half Maximum (FWHM) and SPR dip length (L)
with the changing in outer medium refractive index. Noted that the FWHM decreased with
increasing An at the thickness d=10nm and A=600nm; FWHM and L4 decreased with increasing
refractive index of layer sensing i.e. Increased An, well at A=700nm FWHM slightly increased, L4
is stable with increasing An, but at A=1000nm FWHM stable and L4 almost stable with increasing
An. Then at d=20nm and A=700nm the FWHM decreased, L stable with increasing An, while at
A=1000nm FWHM starting to increase with increasing An and Ly decreased with increasing An. So
that for other thicknesses from (30-70) nm the best FWHM and L4 shown at 1000nm, notice
FWHM at thicknesses d= (30, 40, 50, and 70) nm increased and L4 almost stable with increased in
An. This means that the FWHM decreased, Ly increased whenever increased the wavelength and
improve in SPR properties then improve in the SPR sensing system. The L4 was higher than 0.8
for all SPR dips for the wavelengths (600, 700, and 1000) nm, and the best values for the Ly were
for the SPR dip length at the wavelength of 1000 nm. As the L4 value ranges between (0.9-1)
degrees for all An. As for the FHWM values when using the thickness at d =10nm for SPR dip
when using the 600 nm wavelength within (22.7-10.7) degrees with a change of, the FWHM
values improved and the SPR dip became more narrow when using the 700nm wavelength, where
its value became between ( 6.2 -8.8) degrees with different An. Then the FWHM began to decrease
further, meaning that the SPR dip became narrower when using the wavelength 1000nm and its
FWHM value became between (1.5-2.0) degrees with different An. The SPR dip widened when
using the thickness d=20nm, where the FWHM values become (26.7-13.1) degrees for the
wavelength 700nm with different An. At the same thickness, the FWHM of SPR dip at
wavelength1000 nm is stable and dip very narrow and does not change with An its values (1.5
degrees). While for the thickness d=70nm for the same wavelength 1000nm, the value of the SPR
dip width ranges between (7.9-4.7) degrees with the change of An. Therefore, here the proposed
system can be adopted as an effective system to work as a biological sensor within the infrared
spectrum region at a wavelength of 1000nm.
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Fig. 4. Full Width Half Maximum (FWHM) and length dip L4 with the change refractive index
of layer thin films for different thickness SisN4 and wavelength.

Ld{deg.}"

The relationship between sensitivity considering the change of thicknesses of SizN,4 layer
and the change of sensing medium refractive index An = 0.05 was shown in fig.(5) it will be
noticed at A=700nm increased in sensitivity with increasing thickness from(10-30)nm in visible
region. While at A=900nm increased in sensitivity with increasing thickness from (10-50) nm in
IR-region and at A=1000nm increased in sensitivity with increasing thickness from (10-70) nm in
IR-region, this means that the best result for sensitivity obtained in 1000nm IR-region. The best
sensitivity values (S) were when using the wavelength A=1000nm, where its values ranged
between (S = 98-134) as for thicknesses from d = (10-70) nm and An=0.05.
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Fig. 5. lllustrated sensitivity with respect to thicknesses of SizN, layer at different wavelength
with refractive index &4n = 0.03.

4. Conclusions

In this article, a simulation tool for calculating the SPR effect in a multilayer structure is
provided. Simulation-SPR is a program that analyzes the reflectance of a prism-based system, the
SPR sensitivity (S) and Full Width Half Maximum (FWHM), and the properties of 8spr calculated
from curve reflectance with incident angle 0j..iq. May show the changes in the SPR, the reflectance
suffers loss at resonance, the angle of the surface Plasmon resonance (6spr) changes upward. The
FWHM narrows as the resonance curves get sharper, and the magnitude of the loss in reflectivity
decreases. The results give efficient detection in change of sensitive layer refractive index (0, 0.01,
0.05 and 0.1), and obtained higher sensitivity. In this paper, a simulation algorithm was built to
calculate the effect of SPR, taking into account a multi-layered structure consisting of a glass
prism type N-LASF9 glass with a gold layer of 40nm thickness, on which SisN,4 layers of
different thicknesses from 10nm to 70nm were deposited with water as a sensitization medium.
Where notice that in the simulation system SPR phenomenon does not appear in the ultraviolet
region and appears weak in the visible region, starting from the wavelength of 600nm and up to
700nm. In the infrared region, the SPR dip completely disappears at the wavelength of 800nm then
returns to appear strongly at the wavelengths of 900nm and 1000nm.

The results show that the best stabilization that can be obtained for the sensor action is
located in the infrared region. It was the best SPR that could function as a water sensor at the
wavelength of 1000nm.
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The best values for sensitivity S, length Ly, and FWHM of the SPR dip were obtained
from the simulation program of the proposed system at using A=1000nm in the infrared region
when using thicknesses, and d =10-70 nm, to detect any change in sensing medium refractive
index An in range (0.01-0.1). Where the values were Ly = 0.9 is stable, SPR is very narrow (i.e
small and good FWHM less than 9.3degrees) and the sensitivity is S = 134 at An=0.05. Here it is
possible to suggest using this proposed system as an effective biosensor to work in the infrared
region.
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