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Article Info Abstract
Received: 25 June 2024 Plasmonic is light and free electrons interaction in metal
Accepted: 10 September 2024 nanostructures. Free electrons are oscillated and known as plasmon

Available online: 2 December 2024 when light hits the metal. Matched plasmon/ light at respective
frequency/ momentum generates a resonance at maximum excitation
of plasmonic energy. A resonance shift indicates significant molecular
binding for biological matters. Plasmonic biosensors experience
Plasmonic, plasmon, finite element  unpredictable outcomes without a theoretical agreement. finite
modeling, resonance, floquet, element modeling (FEM) could investigate effects, factors and
FWHM, P-polarized scenarios for a real-time solution. Opto-plasmonic compares FEM to
optimize parameters for generating the plasmonic energy. The
objective is to perform and validate FEM with an Opto-plasmonic
system according to Brewster, critical and resonance angles. A 2D
geometries of BK7(1000um)- Au(50nm)- Air(1000nm) were modelled
in the Electromagnetic Frequency Domain with Floquet's periodic
boundary condition. The Opto-plasmonic consists of 1- Optics (650nm
laser, prism, slit, polarizer, photodiode), 2- Mechanical (Bipolar stepper
motors, gears, stages) and 3- Electronics (PIC18F4550, LCD and
drivers). The P-polarized beam was reflected via a prism and read by a
photodiode at 0.045° and 0.1125°, respectively. Experimental to FEM
accuracy indicates percentage differences for O¢, ©r, Ar, FWHM, and
Rmin at 3.72%, 0.2%, 3.37%, 4.64% and 0%, respectively. Excellence
validation was successfully achieved between FEM and Opto-
plasmonic. In conclusion, the opto-plasmonic system can generate
plasmonic energy for a biosensor application.

Keywords

1. Introduction

Plasmonic adopt interaction between light and metal for innovative applications in nanotechnology, biomedicine,
Biosensors, telecommunication, optical devices, solar power, photocatalysis, Etc. [1]-[6]. The plasmonic wave
(PW) is the electromagnetic (EM) coupling under Transverse Magnetic (TM) mode with collective electron's
oscillation in a conductor such as metal [7]-[9]. Referring to Fig.1, when light hits a boundary of two mediums (n1
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and n2), the light will be reflected (6r) and refracted (6t). The n1 and n2 are refractive indexes of travelling and
refracted rays over a different medium. As expressed by Snell's law in Equation 1, a Total Internal Reflection (TIR)
in Equation 2 must exist at the interfaces when 6, > 6., TIR = sin6; > 1 [10]-[12].

nlsin@, = n2sin Oy &)
n2 n2 (2)
. _1 IR . _1 -
sin (nl sin GT) > sin (nl)

Therefore, TIR is when the incident light (6i) greater than 90 degrees is wholly reflected and consequently
generates the evanescent wave [13]- [15]. As shown in Fig. 1(a), the wave does not propagate as an
electromagnetic but instead as a confined energy, e that exponentially decays between n1 and n2 boundaries. This
phenomenon can be illustrated in the Fig. 1(b) and expressed in Equation 3.
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Fig. 1 Evanescent wave

Upon TIR, both propagation constants must fulfil the requirement of hw (plane vector of an evanescent wave)
equal to hk (plane vector of the plasmonic wave), hw = hk. Referring to the Fig. 2, hw and hk are expressed in
Equations 4 and 5. If, ed=4, em=-8 and €a=1 are applied in Equation 6, then sin 6= 0.53. Therefore, a resonance
angle can be excited due to the -1<sin 8 < 1. As a result, the conservation of energy (angular frequency, hw) and
momentum (hk propagation) occurs [16]-[18]. Note: w is the frequency of the incident light, c is the speed of light
in vacuum, and €d and €a are the dielectric and metal permittivity, respectively.

hO) @~ hw = %\/asin 0 (4)
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Fig. 2 Wave vector propagation

A non-coupling vector between a light line and a plasmonic wave concluded that a plasmonic wave could not
be generated by any of the light rays [19], [20]. As shown in Fig. 3, the curve of the light line is not intercepted
with any chosen metals such as gold (Au), silver (Ag), copper (Cu) and silicon dioxide (Si02).
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Fig. 3 Dispersion for metals-air interfaces

The intercept light line to the curve of the metal is necessary for plasmonic wave excitation. Given w =
ck, /n,, the light line is dragged to cross the metal curves by increasing the vector of the evanescent' s refractive
index (n,) greater than one [21]. This is achieved via optical components such as prism, P-polarizer, diffraction
grating and metals thickness lesser than 50 nm [22]. Eventually, the conservation of the energy hw and
momentum hk vectors are successfully matched to generate the plasmonic wave for an effect of the resonance
angle (6r) [23], [24]. By observing Ok, the permittivity of the biological materials can be characterized as a function
of dielectric properties at a great sensitivity and selectivity.

A therapeutic approach for cancer treatment was carried out via Photothermal therapy based on plasmonic
gold nanoparticles (Au NP) [25]. A 532 nm laser excites 30 nm Au NP to generate localized heat on the UB7MG
malignant glioblastoma cells. Metabolic activity of cancer cells was decreased by a higher concentration of Au
Np and laser power density at 92 pg/ mL and 96 mW/ cm2, respectively. However, laser absorption efficiency
on the cancer cells was very low on the photothermal effects.

A novel biosensor configuration using plasmonic metal and photonic crystal was designed to detect basal
cell cancer [26]. Silver/ Gallium arsenide, respectively were chosen as metal /insulators in two metal-insulator-
metal (MIM) configurations to generate the Photonic Band Gap (PBG) transmission spectrum at 954nm to 2074
nm with sharp edges. The PBG behaves as an optical Biosensor, and Its transmission spectrum shifts to a higher
wavelength when basal cells at different refractive indexes (r.i) are placed on the MIM surface. However,
fabrication error and multi-mode spectra can cause inefficiency in light-plasmonic waveguide coupling and r.i
interferences.

High spatial resolution was achieved for nanoparticle image reconstruction with Total Internal Reflection
(TIR) via Surface Plasmon Resonance Microscopy (SPRM) [27]. A 720 nm laser, ¥ wave plate, polarized beam
splitter, lenses and tube lenses were used to produce P-polarized light to generate surface plasmon polariton
mode for image captured via CMOS camera. Human IgG and goat-human IgG antibodies were applied in this
experiment for Bio-molecule immobilization. The experiment concluded that nanoparticles and protein could
amplify and enhance the measurement sensitivity with image resolution at 200 nm. However, the sensitivity of
the TIR-SPRM technique becomes lower due to the shrinking image field and imaging algorithm.

Nanocomposite film revolutionizes potential applications in plasmonic biosensors with nanoparticle and
matrix material [28]. A fiber biosensor probe was respectively modified and immobilized with nanocomposite
film (gold nanoparticles, AuNPs/graphene oxide, GO) and anti-mouse IgG [29]. A tungsten halogen lamp is
transmitted in a 2x1 fiber splitter to the fiber probe and reflected to the spectrometer. Higher sensitivity up to
79 nm/RIU was acquired with GO/ AuNPs fiber probe. However, a response from interfering antigens existed,
slightly affecting the measurement selectivity.

Detection of uric acid (UA), xanthine (XA), and hypoxanthine (HXA) was expedited by the fabrication of a
hybrid film with Metal-Organic Framework (MOF) based on Niobium (Nb) metal (Benzene 1,3,5-TriCarboxylic
(BTC) acid)/ Nb(BTC)MOFs [30]. The hybrid film was synthesized via hydrothermal growth of NB(BTC)MOFs
on the surface of CNFs. Differential Pulse Voltammetry (DPV) indicates electrochemical peaks at 272 mV
(UA-XA) and 387 mV (XA-HXA) with significant differences within the range 0 ~ 1.0 V. However, diffusion-
controlled electrooxidation slowed the reaction rate due to incomplete oxidation, electrode fouling and
electrolyte depletion.
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Optimizing plasmonic biosensors involves studying bending radii and temperature responses. The
evanescent field allowed for U-shaped fiber resonant couplings with wavelength shifts [31]. To avoid surface
imperfections, the standard telecom fiber (SMF-28e) polymer covering was cut in half and bent around the steel
cylinder. The spectrum was measured using an LED (1.7 mW at 1550 nm) and an optical spectrum analyzer
(Yokogawa AQ6375). The resonant shift shows refractive index variations from 1.33 to 1.37, suggesting a
detection limit of 3.71x10-5. However, the thermo-optic impact dilatation on the metallic cylinder deteriorated
with temperature.

Another progress was demonstrated by detecting water pathogens, urine, and serum via a plasmonic
colorimetric Biosensor. A printed nanoarray had been fabricated and functionalized with antibodies to illuminate
color upon pathogenic detection [32]. Linear response from 0 to 107 CFU mL-! was achieved via colorimetric
quantification with high selectivity, accuracy and sensitivity at 10 CFU mL-1. Due to variations in printing
conditions, different qualities of printed nanoarrays have reduced the reproducibility, resolution, and accuracy.

A plasmonic biosensor based on refractive index (r.i.) was applied for malaria detection with infected red
blood cells (IRBC). Black phosphor (BP) layers were coated in an orderly manner from bottom to top with BK7
prism, silver (Ag), BiFeO3, 2D nanomaterials, and IRBC [33]. Different Ag thicknesses from 40 nm, 45 nm, 50 nm,
55 nm, and 60 nm increase sensitivity (deg/RIU) to 224.28, 238.57, 251.42, 260, and 264.28, respectively. 2D
nanomaterials with MXene, Graphene, and BP and found that they were sensitive at 218.57, 211.43, and 224.28
(deg/RIU). During the IRBC ring phase, the BP layer demonstrates a sensitivity of 461.43 deg/RIU. However, layers
1, 2, and 3 of the BP layers decrease sensitivity (deg/RIU) to 461.43,218.57, and 185.71.

A Silicon-On-Insulator (SOI) photodiode (PD) with a gold (Au) antenna as a diffraction grating and gate
electrode was demonstrated for refractive index (r.i) measurement [34]. Sucrose solutions at different
concentrations were applied to evaluate PD's detection limit. A significant shift and peak were observed when the
phase conditions of two diffracted lights at different wavelengths were matched. The wavelengths were
modulated to the shorter wavelength and produced higher photocurrents when the Au antenna senses higher
refractive index materials. However, signal drifts were observed in the measurement due to changes in r.i changed
over the solution temperature. An SOI p—n junction diode-based temperature sensor with an isothermal response
was used to reduce the signal drift.

Most of the works presented here did not discuss cost-effective, simplification and optimization parameters
under the perspective of FEM and experimental works. Integration systems via photonics, electronics, and
mechanical with software development should be discussed more. Theoretically and experimentally, past works
should have discussed relationships more comprehensively. A lack of understanding in the FEM modelling
complements the hardware development was explained. More is needed to know about the homemade system for
generating and optimizing plasmonic waves. Rarely cost-effective approaches via 3D printing were used in the
plasmonic biosensor. Even though many plasmonic biosensors exist in the market, the opto-plasmonic system will
promote an alternative to a commercial solution. The objective is to perform cross-validation from Finite Element
Modelling with an Opto-plasmonic system according to the Brewster, critical and resonance angles.

2. Methodology
2.1 Finite Element Modeling (FEM)

Wave Optics Module offers Electromagnetic Waves, Frequency Domain (EWFD) in Comsol Multiphysics software
for finite element modeling (FEM) to solve time-harmonic electromagnetic field distributions [35]. As shown in
Fig. 4(a), 2D geometries (Schott (N-BK7) - Gold (Au) - Air) were defined with frequency, lambda, thetal, theta2,
refractive indexes (n1, n2), permittivity (g1, €2) at 461.5 THz, 650 nm, 30°, 48.6°, 2.25 and 1, respectively. The
complex refractive index of the Au was referred from the Johnson & Christy database (nk 0.188 pm -1.937 um)
[36]. A periodic condition to model the electromagnetic wave propagations was mapped for the above 2D
homogenous geometries with the Floquet boundary condition. It allows periodicity structure in a k-vector to
simulate the behavior of the electromagnetic dispersion in the frequency domain as expressed by the Floquet
condition in Equation 7.

Eqst = Esrce_ikF(rdSt = Tre) (7)

Note that kr, dst, src, E and r are the Floquet wavenumber, destination variable, source variable, displacement
field and spatial coordinates of the specified 2D boundary condition. As depicted in Figure 4(b), source (src) and
destination (dst) boundaries are varied by a phase shift between the tangential components at equal symmetry
and magnitude [35]. The phase shift relies on the Floquet wavenumber, source-destination distance and wave
vector of incidence angle as expressed in Equation 8.

kr ={0,kr} = {0, kyn, sin 6} (8)
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The computational domain in Fig. 4(b) indicates that the Active port transmits the incident wave as a k-vector
without any reflection to the Passive port at 1 W/m as input port power. Respectively, Active and Passive port
wave excitation are set to ON and OFF. The source and destination boundaries were paired and meshed identically
for better solution accuracy [35]. A range of parametric sweeps had been specified to obtain a response of the
chosen variable when it gradually increases at specified intervals. The behavior of the build model for the
electromagnetic distribution at different incidence angles is explored and analyzed. In this model, the parametric
sweep for the k-vector is from 30° to 80° within 0.1° intervals at 474.7 THz.
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Fig. 4 2D boundaries for (a) Prism-Au-Air interfaces; (b) Electromagnetic periodic condition

2.2 Finite Element Modeling (FEM)

The Opto-plasmonic in Fig. 5 consists of two interfaces such as 1- Optical system (650 nm laser diode, laser driver,
collimated lens, condenser lens, polarizer, prism and 50 nm gold (Au) layer) and 2- Electronic system (PC,
microcontroller, photodiode, LCD, stepper driver and stepper motor).

PC S »| Stepper
» 0 Driver
n
< |, ;
L |
o0
o :
o > LCD Photodiode
Laser
Driver ) Prism _-m
Ir1s N -
Stepper Motor

«--Optical stage

Lens 1 Lens 2  Polarizer \50nm Au layer

Fig. 5 Opto-plasmonic system

2.2.1 Optical System

Metals such as gold, silver, indium, aluminum, copper, platinum, titanium, chromium and others could generate
plasmonic waves. However, gold (Au) is an inert substance and inoxidized, making it very stable as a perfect metal
for biosensors. As shown in Fig. 6, gold was deposited on the prism using a DC magnetron sputtering to generate
the plasmonic wave. The gold (Au) layer at 50 nm was deposited on the prism according to the recipe in Table 1
via a sputter coater. Sputtering time for different coating thicknesses can be determined according to Equation 9.
Therefore, given x or coating thickness is 50 nm, y or sputter time will be approximately 68 seconds.

x = (0.6667 X y) + 4.8889 9)
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Fig. 6 Sputter coater

Several considerations are necessary to fulfil an optics requirement for excitation of the plasmonic wave. As
expressed in Equations 10 and 11, the N-BK7 prism at 1.5 refractive index must match the vector of light wave
(k,) and plasmonic wave (kpw). When k, = k,,,, the excitation of plasmonic waves is established to generate a
plasmonic resonance. Wavelength beyond 500 nm showed unchanged energy distribution and perfect scattering,
which led to 650 nm laser diode as a light source [10]. Unwanted diffraction is eliminated and the vertical slit or
iris controls the resolution of the laser beam. Two collimated lenses were placed between the iris for correcting
diverging beams due to misalignment of the reflected beams on the photodiode sensing pad. Plasmonic waves
only exist in Transverse Magnetic mode or P-polarized. A mounted linear polarizer (LPVIS100, 550 nm ~ 1500
nm) was tuned to assure P-polarization transmission to the 50 nm gold-coated prism.

2.2.2 Electronic System

The electronics block diagram for the Opto-plasmonic system is visualized in Fig. 7 with two stepper motors plus
a driver, prism, and photodiode. Referring to Fig. 8, they were retrofitted and mounted on the developed
mechanical system. In equations 12 and 13, the stepper motor employed a micro-stepping for synchronizing
photodiode/ prism stages to 3200/ 8000 steps at 0.1125°/ 0.045°, respectively.

msr R : :
SWITCH dir , Microstepping
g |speed R Control
F‘) T 1b
. _ ’7“
PHOTODIODE —— 00 S"iee ] Relay \; Niweww i
G e cos el Rel L
o +—|cos be—ig—pRelay [ —— =T
< la STEPPER
PC FTD232 > MOTOR x2
> LCD
Fig. 7 Electronics in Opto-plasmonic system
I = Iy X cos B, (12)
[, =1 X sin B, (13)
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Fig. 8 Mechanical system for Opto-plasmonic

As the core processing unit, PIC184550 is equipped with an onboard programmable timer, 10-bit Analog
Digital Converter (ADC), and Universal Synchronous Asynchronous Receiver Transmitter (USART). Timer, ADC
and USART were used for 1- Generating pulse at 200 ps pulses, 2- Reading 10 bits ADC at 1.95 mV resolution/ 1.6
us sampling rate and 3- Transmitting/ receiving serial communication data via PC at 19200 bps. The ADC results
were averaged 50 times over to eliminate fluctuations due to 50 Hz interference. In opto-plasmonic, the
microcontroller synchronizes two stepper motors and reads the reflectance beam via the fuzzy logic and
photodiode [37]. As depicted in Fig. 9, the software was developed to perform controls such as Auto, Interval,
Manual, Direction and Teach wiper.

Stepper motor
control modes

Synchronizing

stepper motor Data Logging

Reading

Photodiode Serial Communication

Calibration LCD display

Averaging

Fig. 9 PC based system for Opto-plasmonic
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3. Result and Discussion

The plasmonic wave successfully modelled an electromagnetic distribution at different k-vectors from 30° to 80°.
As shown in Fig. 10, 2D geometries from the left, middle and right regions are N-BK7 prism - Gold [Au] - Air. Note
that right-side figures of Fig. 10 (a) ~ Fig. 10 (e) are zoomed-in sections from each left-side figure.

(d) 50°

(f) 80°

Fig. 10 Electromagnetic distribution of plasmonic wave from 30° to 80°
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As shown in the dashed circle in Fig. 10(a), a wide energy gap was observed in the prism region as open
contact in the gold (Au) region with diagonal refraction in the Air region. The plasmonic energy in Fig. 10(b) is
initially generated at 42.7°, preferably known as a critical angle. A narrow energy gap is simulated and observed
in the prism region. When the angle of incidence light is greater than a critical angle, a Total Internal Reflectance
(TIR) will be performed. A zoom-in of Fig. 10(b) indicates that refraction of the critical angle is 90 degrees and
observed as close contact in the gold (Au) region. This phenomenon reveals that a P-polarized light successfully
penetrates through N-BK7 prism - Gold [Au] - Air mediums. Beyond the critical angle, the intensity gradually
drops to a maximum attenuation at 44.3°. As shown in Fig. 11, this angle is known as a resonance angle and
appears as a dark band that absorbs the reflected intensity due to the existence of the plasmonic energy. A zoom-
in of Fig. 10(c) indicates that the narrow gap at critical is now widening and observed as open contact in the gold
(Au) region. The energy gap keeps widening beyond the resonance angle, as shown in Fig. 10(c) to Fig. 10(f).

"L e )
+* e

-* L]
Tugn®
.

»-«==3 Plasmonic Resonance

Fig. 11 Plasmonics Resonance

The reflectance of the plasmonic curve in Fig. 12 was plotted according to the finite element modeling. Due to
the plasmonic wave excitation, equivalent critical/ resonance angles were plotted at 42.5°/ 44.3°, respectively.
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Fig. 12 Reflectance of the plasmonic curve
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Fig. 13 indicates that two reflectivity curves were logged and plotted for the experiment with and without a
50 nm Au layer deposited on the prism. As shown in Fig. 13(a), intense plasmonic energy was generated with a
sharp resonance dip at 45°/ 130° during the prism in pyramid/ inverse-pyramid positions, respectively. However,
adip at 130° was reserved as a system reference for mechanical calibration. On the contrary, no plasmonic energy
could be generated in the Fig. 13(b). Neither a critical nor resonance angle could be observed due to the absence
of a 50nm Au layer on the prism. No resonance will occur if the momentum (k-propagation) and energy
conservation (angular frequency of incident light) are not matched.

N < alal [T @ =|als|
Angle Vs Vout

ASMONIC TRACKER

SPR

Synchro

User Input

1600 0972

Tracker1 (R-L)

ASMONIC TRACKER
SPR
Angle Vs Vout

Synchro

User Input

1600 1023

Auto

120 80 Tracker1 (R-L)
(b)

Fig. 13 Reflectivity on (a) Plasmonic curve; (b) Non-plasmonic curve

Since the plasmonic wave is under P-polarized mode, it is necessary to calibrate the optical system by tuning
a linear polarizer according to the reflectivity. As shown in Fig. 14, the bare prism's reflectivity trace (dash line)
was observed to confirm P-polarized transmission for a Brewster angle (8s). The reflectivity gradually decreases
as the incidence angle (0i) increases. 0z is observed when the reflectivity hits zero reflectance. Beyond the 65, the
reflectivity gradually increases and this verified the P-polarized light wave. The reflectivity will keep increasing
until it hits a critical angle at 8c1. Beyond this angle, the reflectance becomes saturated. Therefore, Total Internal
Reflection (TIR) is achieved when 6i > B¢1.
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Fig. 14 P-polarized mode according to Brewster’s angle (6s)

The plotted plasmonic curve in Fig. 15 was acquired from experiment (Exp) and compared with the finite
element modeling (FEM). The results satisfy each other, especially on the accuracy of both resonance angles.

1.000 — 40.58, 0,992 -=--2
os00 + g FEM
| —E}(p
ﬂ.nnn T T T T I T T T T T T T T ” T T T T I T T T T I T T T T I
30.00 35.00 40.00 - 45. 50.00 55.00 60.00
44.29, 0.000 -~ 44.29, 0.011

Fig. 15 Plasmonic curves via FEM and Opto-plasmonic experiment

Further comparisons in Fig. 16 on different qualitative parameters are summarized in Table 2. The
experiment result via the Opto- plasmonic to FEM indicates percentage differences for Oc¢, Or, Ar, FWHM, and Rmin
at 3.72%, 0.2%, 3.37%, 4.64% and 0%, respectively. As a result, excellence validation was successfully achieved

between FEM and Opto- plasmonic.

Table 2 FEM Vs. experiment parameters

Parameters FEM EXP A%
Critical Angle, 6¢c 42.15 40.58 -3.72
Resonance Angle, Or 445158 44.60431 0.20
Curve Depth, Ar 0.89 0.92 3.37
Full Width Half Maximum, FWHM  1.206 1.262 4.64
Minimum Reflectance, Rmin 0.001 0.001 0
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Fig. 16 Comparison of the (a) Finite element modeling (FEM); (b) Experiment via Opto-plasmonic

4. Conclusion

The plasmonic wave was simulated and validated via finite element modeling (FEM) and Opto-plasmonic system.
Both bare/ coated prisms indicate total internal reflection (TIR) with a critical angle (42°). However, only a prism
deposited with a 50 nm Au layer could generate the plasmonic wave with a resonance angle (44.3°). A slight
percentage difference on B¢, Or, Ar, FWHM, and Rmin indicates excellence validation between FEM and Opto-
plasmonic. However, improvements can be made to portability and system optimization. In future, the Opto-
plasmonic will be miniaturized and optimized via integration with nanocomposite materials such as graphene,
carbon nanotube, quantum dots, nanoparticles and polymer.
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