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ABSTRACT

Surface plasmon resonance (SPR) is a highly sensitive method for monitoring changes in the optical characteristics that are near the sensor surface. It can be
stimulated by an evanescent field that comes from the total internal reflection of the backside of the sensor surface in the Otto setup. In this setup, SPR can be
used to build a simulation model at different thicknesses of titanium oxide (TiO2) (dTiO2 = 50 nm) and silver (Ag) (dAg = 10—80 nm) layers, which are deposited
on the semicircular glass prism D-ZLAF50 by using water as a sensing medium. The surface plasmon resonance angle (OsPR) properties were calculated; SPR
was not observed in the ultraviolet region (300 nm) or in the infrared region at 800 nm, but appeared strongly in the visible region at 600 and 700 nm and in the
infrared region (900 and 1000 nm). The best sensitivity (S = 140) can be observed in the visible region, where the values of SPR dip length (Ld) and full-width
half maximum (FWHM) are very good at silver layer thicknesses 40—60 nm; therefore, the proposed sensor can be used in the visible and infrared regions at the
wavelengths 600, 700, 900, and 1000 nm.
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1. Introduction

Surface plasmon resonance (SPR) is considered an optical
phenomenon that is caused by free electron oscillation at the
interface between a metallic surface and an insulating layer, where
the incident electromagnetic wave's wavelengths coincide with the
wavelengths of the surface electrons under p-polarization light
(Reather, 1980). When the incident light has a transverse magnetic
(TM) polarization (p-polarization) at a given angle on the film metal,
the momentum of the incident light equals that of the plasmon, and
then resonance occurs; this is known as surface plasmon resonance .
Here, the SPR angle is considered the precise angle at which the
resonance occurs and the reflected light is damped (Liedberg er al,
1983). Due to their appealing qualities of estimating and exacting the
sensing and providing a fast response, real-time detection, and
effective label-free lighting control capabilities, SPR sensors have
been extensively explored (Nguyen er al, 2015).

Surface plasmon resonance has typically been used to test bio-
sensitivity on noble metallic surfaces such as gold and silver. These
minerals (or metals) show a few benefits over other types of minerals,
as SPR bands are visible and near-infrared frequencies, their surface
chemistry is well-defined and easy to manipulate, and films can be
made by using several deposition processes (Homola er af, 1999).
The most well-known application of SPR is in bio-sensitivity, where
biomolecule attachment causes a minor change in the refractive
index of the insulated medium near the interface that can be detected
by a change in the reflection of the metal surface (Hoa er a/, 2007).
The resonance angle changes according to the concentration of the
target analysis when biomolecules cling to a metal surface (Liedberg
er al, 1983). SPR biosensors have been widely used in various
analytical research domains due to their advantages, such as their
sensitivity, quantitative response, and quick and label-free detection
(Shankaran et al, 2007). SPRs dissipate their electromagnetic waves
through the metallic layer interaction. Electromagnetic wave loss can
be due to the free electron scattering in the plasmonic layer and

optical absorption throughout the electronic inter-band transitions.
The sensitivity of SPR measurement varies significantly according to
the type of the dielectric (liquid or gas) and the type of configuration
(prism, optical fibre, and diffraction grating) (Yang er a/, 2018).

Several researchers have studied the SPR sensor system and worked
on designing SPR systems that are used as sensors to detect any
change in the optical properties of the media under the study.

One of the most important of these studies is Fontana's (2006)
Mathcad software that was used to determine the optimum thickness
of the deposited layers (Au, Ag, Al, and Cu films) on BK7 glass as the
coupling prism material for the maximum SPR sensitivity based on
the incident light's wavelength. Another important study by Wu eral.
(2010) confirmed that the SPR biosensor based on the graphene
deposition on gold was more sensitive than the classic SPR thin gold
biosensor. The greater absorption of biomolecules onto graphene
accounts for its higher sensitivity. In addition, Deng er al. (2010)
simulated and designed a prism-based SPR sensor by using an Otto
configuration, in which a thin layer of gold and another layer
(dielectric SiO,) were deposited on a prism with the use of a 650 nm
laser to obtain plasmonic resonance of the layered system. A
photodetector monitors the reflected beam as a function of the angle
of incidence. The benefits of better SPR detection over traditional
detection include a sharper resonance peak and narrower half-width,
in addition to better sensitivity, contrast, and detection efficiency. In
contrast, Maharana er al. (2013) improved the electric field at the
sensing layer interface by using graphene as a dielectric overlayer on
SPR-active metal Ag.

In comparing what is known as Au and Ag arrangement, we find that
their sensor performs better. Rouf and Haque (2018) designed a
bimetallic SPR sensor from a pair of silver-gold, in addition to the use
of an air gap layer and a thin coating of an indium phosphide.
Moreover, they studied different reflectivity curves and performance
parameters, and their biosensor was able to detect 1/1000 of the RIU
variation medium for the sensing. Lin and Chen (2019) developed an
Au-Ag-TiO, graphene-based SPR biosensor, demonstrating the
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existence of biosensors with a higher sensitivity; meanwhile, the
resolution was higher than traditional biosensors. Here, the result
shows the effects of the target reflectivity at the resonance angle and
prism on the design of an Au-Ag-TiO, graphene-based SPR biosensor,
in which the biosensor with the BK7 prism has the least refractive
index (RI) among the three prisms, and it also has the least FWHM
when obtaining S = 100°/RIU. Therefore, it is thought that the
proposed genetic algorithm-based design method can be used to
improve the performance of an SPR biosensor with any multi-layer
structure (Haque er al, 2019). A high-sensitivity SPR sensor on a two-
core photonic crystal fibre can detect a low RI. Moreover, a numerical
analysis of a two-core, and very sensitive plasmonic refractive index
sensor was proposed for low refractive index detection. Akafzade er
al (2021) demonstrated a new SPR sensor made from a multi-layer
Ag/SisN,/Au  nanostructure, which performed admirably at
measuring the relative glucose concentrations 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 on a gold
film sensor.

The system that consists of a semicircular D-ZLAF50 glass prism is
deposited on two layers, where the first is titanium oxide (TiO,) with
a thickness of 50 nm, and the second is silver (Ag), a thin film with
variable thickness from 10 nm to 80 nm. The sensing medium is
water, and the complex refractive indices of the materials approved
in the study were obtained from the database available on the
website refractiveindex.info (Polyanskiy, 2008—2020).

The current work aims to find plasmonic resonance in a wide range
of wavelengths and to determine its location in the proposed sensor
model's spectral bands by creating a simulation program. The
reflectivity of the electromagnetic waves in the range 300 nm to 1000
nm was calculated by adopting Fresnel equations and using a
proposed plasmonic resonance transfer matrix.

2. Material and Methods

Surface plasmon resonance occurs when a momentum transfer
happens between the evanescent wave that passes through a thin
metal layer and a surface plasmon excitation with the same
momentum. These waves will be generated if the incident light comes
from the side of the plasmonic material, such as glass, and has a
higher refractive index, such that at a specific angle, the optical
absorption of incidence light will increase. When this angle equals the
SPR angle of the specific material and wavelength, the plasmonic dip
height will reach the maximum (i.e. the minimum reflectivity). The
reflectivity of the plasmonic film can be normal at all angles except
for short-range SPR angles (Or), where the absorption reaches the
maximum point. The maximum absorption will occur when the
incident light's wave vector coincides with the surface plasmons'
wave vector (Bhowmik eral, 2016).

A multi-layer structure's reflectance and transmittance can be
measured by using the transfer matrix method. In contrast, the
traditional transfer matrix implies coherent light propagation, but
results in narrow oscillations in a system's observed reflectance and
transmittance spectra. These oscillations are not visible in practice
due to interference-destroying effects. As a result, interference-
destroying effects should be included to provide a practical
explanation of the optical properties of multi-layer systems.

All past attempts to alter the transfer matrix to accommodate an
incoherent intervention and partial coherence failed. The square of
an amplitude of the electric field or Fresnel coefficients are used in the
proposed methods to analyse the incoherent event. In partial
coherence, the macroscopic surface or the interface roughness

simulationis achieved by multiplying the Fresnel coefficients with the
correction factors (Bhowmik er a/, 2016).

Fresnel's Equations are used to calculate the reflectivity of the
material's multiple layers that are deposited on a given surface, where
the electric and magpnetic field amplitudes on the first boundary (E, &
H,) and the N-layer model are connected to those on the last
boundary (Ey & Hy) through the total characteristic matrix (Ouyang
etal,2016):

N

E.] _ Ey] _Mi1 My [Ey

[Hu]_ l—llMi HN]_[mZI mzz] [HN] M
i=

M, is an actual transfer matrix of the i-th layer (i = 1 to N), arranged
in sequential order between a prism and a sensing layer, and it is
calculated through the following (Shalabney and Abdulhalim, 2010):

isind;
R @
iy;sind;  cosd;
In this case, the optical phase addition caused by a single field passage
over the layer, 0,is given by the following (Bhowmik er al, 2016):

0; = (2771) n;d;cos0; 3

Where A: is the wavelength of incident light in a vacuum, n; is a
refractive index, d;is a thickness, and 8; is the incidence angle of the
i-th layer. For p-polarization, the parameter for each layer ¥, is the
following (Shalabney and Abdulhalim, 2010):

V=g ©

cos0;
Where &: the vacuum permittivity, and Uy: the permeability.

When we test several layers in thin films, it appears that the CTM
method's strength is better estimated. The electric and magnetic fields
within the i-th layer with both interfaces were related to an
interference matrix A; at that layer in Eq. (1). The total interference
matrix of the entire multi-layer structure was obtained by using M
because the electrical and magnetic fields' transverse components
appear at any interface that is free of a net charge and current. The
reflection and transmission indices (r and t) through the films may be
calculated as follows (Shalabney and Abdulhalim, 2010):
YNM11 + Vo¥YnMiz — Ma1 — YVoMy2

r= )

YNMi1 + Vo¥YnMiz + Mag + VoMy2

ny
‘= 2vo (no) ®)

YNMi1 t YoVYnMaz + Ma1 + VoMy2
From Eq. (5), the multi-layer stack's reflectance R = [r|* can be
determined to get an incident light energy pattern redistribution. As a

result, reflected field power as a function of incident angle was
converted into SPR waves. Eq. (6) may be also used to measure the
transmission across a multi-layer stack T = [t|*.

Figure 1 shows a schematic design of the proposed SPR sensor. All
metals have complex dielectric constants, and the metals with a larger
negative real fraction and smaller positive imaginary fraction have
good plasmonic effects. When electronic excitation occurs, the light
will be absorbed. Silver is chemically stable and interacts very poorly
with the atmosphere and other chemicals. It is optically transparent
in the range of UV to IR 250—900 nm, and it has a relatively large
refractive index, as well as thermal stability, hardness, chemical
inertness, a low cost, and good chemical stability (Santos eral, 2013).
A good and stable plasmon sense system can be constructed by
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depositing a thin layer of the silver on a prism (Gupta and Sharma,
2005). The response of this sensing system to the gases and liquids
can be increased by depositing an additional layer of TiO, because
the dielectric layer of titanium oxide provides many exceptional
properties. At the interface between the superoxide layer and the
sensor medium, the TiO, also increases the local electron field
strength. Any change in the refractive index of the sensing medium or
an increase in the electronic field strength causes an increase in the
shift of the SPR wavelength, which therefore results in an improved
sensitivity (Diaz-Herrera er a/, 2010).
Figure 1: Schematic diagram of the proposed SPR sensor (glass prism half-sphere).

Sensing medium (water)
Metal silver (Ag) 1 a2
Titanium oxide (TlOz) layer I d1
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Incident beam _/'
In the simulation steps, an electromagnetic wave with wavelengths
ranging from 300 nm to 1000 nm was adopted to find the spectrum
regions where the SPR phenomenon occurs. In this study, an Otto
configuration with a D-ZLAF50 glass half sphere prism was used. A
layer of TiO, with a constant thickness of 50 nm was deposited on the
prism, and then another layer of Ag with a different thickness (10—80
nm) was deposited, with water used as a medium for biological or
chemical sensitivity. The SPR dip must be deep enough, sharp, and in
high contrast for the sensor in order to be effective and good. A very
wide SPR dip indicates the possibility of a wider range of an incident
SPR angle, and thus it makes the sensitivity of the sensor worse. In
summary, these parameters were changed during the simulation:
(] Electromagnetic waves: wavelengths ranging from 300 nm to 1000

nm with step changes 100 nm from ultraviolet wavelength to near-
infrared wavelength.

®  The amount of change in the refractive index of the external sensing
medium in contact with the sensor:(An=0,0.02, 0.05, and 0.1).

®  Dielectric (TiO,) layer thickness constant dr;o, = 50 nm.

®  Silver layer thickness: (10-80) nm with step changes 10 nm.

An important note is that as the incident wavelengths change, the

refractive indices of the system materials ((prism D-ZLAF50) glass,

dielectric (TiO2), silver, and water) will change. The simulation

program was performed by developing Yamamoto's algorithms in

‘Surface Plasmon Resonance (SPR) Theory’ (Yamamoto, 2002).

3. Results and Discussion

The optimum film thickness of the metal-based SPR sensor has the
SPR reflectivity curve produced by a sensor structure that shows the
maximum possible loss in the reflectivity. It also produces the
narrowest possible FWHM of the SPR dip, with the length of the SPR
dip close to one. Figure 2 shows the reflectivity curves for the TiO, 50
nm thickness layer, and Ag of thickness varying from 10 nm to 80 nm
with steps 10 nm. Itis identified by the angle of the surface plasmon
resonance (BSPR). The angle of the incidence at which the minimum
reflection occurs corresponds to the maximum energy loss due to the
excitation of the surface plasmon. The characteristics of the
reflectivity curves and the occurrence of SPRs can be summarized as
follows:
®  Byusingasilver thickness of 10 nm and 20 nm, there are no instances
of SPR that can be used in the sensing process. For 30 nm thickness,
the SPR states began to appear at the wavelengths of 600 nm, the state
of SPR improved at the wavelength of 700 nm, the state of SPR

completely disappeared at the wavelength of 800 nm, but it appeared
strongly at the wavelengths 900 nm and 1000 nm.

(] SPRs become very strong by using silver with a thickness between 40
nm and 50 nm, they weaken slightly at 60 nm thickness, and they are
even weaker at 70—80 nm silver thickness for all used wavelengths.

(] The SPR angle shifted slightly towards the higher values with an
increase in the refractive index of the sensing medium An; this agrees
with Deng and Liu (2010).

Figure 2: Shows the relation between the reflectance in the incident angle of the different thickness

Ag layer and different wavelengths.
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The computed SPR dip properties — FWHM and the height (L4) and
the best SPR sensor that gives a sharper FWHM and longer Ly and that
approaches one — also compute the sensor sensitivity by using the
following (Seo eral, 2017):
_ Abspr
$= Angio ®

Figure 3 illustrates the computed FWHM and the length (L) of the
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SPR dip with the change in the outer medium refractive index.

It is noted that the FWHM for the SPR dip is gradually decreasing in
all cases with an increased silver thickness, but the best cases were
those using the wavelengths 1000 nm and 900 nm. It was also
observed that the SPR dip length (L) increased till it reached its peak
at the silver thickness between 40 nm and 60 nm, and then it
gradually decreased when the silver thickness increased. This
information helped determine the best silver thickness for use in the
sensor. This happens when the FWHM is rather small and the SPR dip
length (Ly) is large, and it helps achieve the sensing purpose of the
sensor. This was achieved within a silver thickness range of 40 nm to
60 nm. The value ranges in this silver thickness (d,,) were as follows:
the Ly were = 0.8—0.9 for the wavelengths 600, 700, 900, and 1000
nm, and the best values for the L, were for the SPR dip length at the
wavelengths of 900 and 1000 nm and An=0.1. As for the FHWM
values when using An=0.1 with the 600 nm wavelength within
15.2-3.5 degrees in a changing of d,, the FWHM values improved,
and the SPR dip became narrower when using the 700 nm
wavelength, with its value becoming 9.7—1.8 degrees with different
dag- Then, the FWHM began to decrease further, which means that the
SPR dip became narrower when using the wavelength 1000 nm, and
its FWHM value became 4—0.5 degrees with different d,.

Figure 3: Shows the Full-Width Half Maximum (FWHM) and length dip Ld with the change refractive
index of layer thin films for different thickness Ag and wavelengths.
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The relationship between sensitivity related to the changing
thickness of the Ag layer and the refractive indices of sensing medium
An = (0.02,0.05,and 0.1) is shown in Figure 4, where the
relationship between sensitivity and change in the silver thicknesses
was stable for all thickness ranges. However, the sensitivity was
highest at 600 nm, followed by 700 nm, 900 nm, and 1000 nm. It can
also be noted that the sensitivity increases with the increase of the
change in the refractive index of the sensing medium An. The best
sensitivity values (S) were when using the wavelength A =600 nm,
where its values ranged between S = 102 and 140 for thicknesses
from d,, = (30—80) nm and An=0.1, which agrees with research by
Rouf and Haque (2018).

Figure 4: lllustrates the sensitivity related to thicknesses of Ag layers at a different wavelength with
the refractive index An.
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The proposed system can be adopted as an effective biological sensor
within the visible-infrared spectrum region at a wavelength of 600,
700, 900, and 1000 nm.

4. Conclusions

Form the results of this study, the following points are concluded:

®  When applying the simulation algorithm to the proposed sensor in
this study, it is observed that the SPR phenomenon cannot appear in
the ultraviolet region, but it appears weakly in the visible region,
starting at a wavelength of 600 nm, and then it is improved further at
awavelength of 700 nm. While in the infrared region, SPR disappears
completely at a wavelength of 800 nm and appears strongly at the
wavelengths 900 nm and 1000 nm.

(] In the visible region of the spectrum, the best working stability of the
sensor is obtained at a wavelength of 600 nm. Where the sensitivity is
obtained with values of S = 102—140, the SPR dip length is within the
limits of Ly = (0.8—0.9) and FWHM = 15.2—3.5 degrees, for thickness,
and d = 30—80 nm, for sensing the change of the refractive index of
the Aqueous medium ranges between An =0.01-0.1.

®  Intheinfrared region, the values of SPR dip length (Ly) and full-width
half maximum (FWHM) are very good at the silver layer thicknesses
40—60 nm. The best values for the Ly were = (0.8—0.9) for the SPR
dip length at the wavelengths 900 and 1000 nm and An=0.1. After
that, the FWHM begins to decrease further, which means that the SPR
dip becomes narrower when using the wavelength 1000 nm, and its
FWHM value becomes 4—0.5 degrees with different d,,.

The proposed system can be used as an effective biosensor within the
visible and infrared spectral regions of wavelengths 600, 700, 900
and 1000 nm at a silver layer thickness of 40 to 60 nm.
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